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I .  INTRODUCTION 


The  support  provided  to  the  DCA/MSO  under  this  task  was  focused  on 
preparation  for  the  World  Administrative  Radio  Conference  held  in  September 
1988.  This  conference  represented  the  first  opportunity  in  9  years  (since 
WARC-1979)  to  introduce  changes  to  the  International  Radio  Regulations.  Of 
particular  concern  was  the  introduction  of  changes  that  could  result  in 
improvements  that  would  facilitate  the  coordination  and  obtaining  of 
recognition  of  the  Defense  Communication  Satellite  Systems  in  the 
geostationary  orbit. 

The  objective  of  this  task  was  to  provide  support  for  the  development  and 
assessment  of  DoD  proposals,  positions  and  technical  analyses  related  to  the 
WARC-ORB-88  Treaty  Conference  on  Space  Telecommunications. 

Concepts  addressed  under  this  task  included: 

1)  Interference  analysis  of  geostationary  satellites  in  inclined  orbits 

2)  Bandwidth  averaging 

3)  Comparison  of  interference  from  multiple  satellites  versus  a  single 
satellite 

4)  Multiband  satellite  networks. 

Investigations  concerning  Inclined  Orbit  GSO  Satellites  are  contained  in 
Section  II.  The  concept  development  work  for  the  Bandwidth  Averaging  was 
carried  out  mainly  in  the  context  of  ensuring  that  this  concept  received 
acceptance  in  the  U.S.  Advisory  Committee  during  preparation  for  the 
Conference  and  the  Joint  Study  Groups  of  the  ITU/CCIR  that  provide  the 
technical  bases  for  the  Conference.  The  results  of  this  effort  are  in  Section 
III. 


Section  IV  concerns  the  work  done  in  connection  with  developing  a  better 
statistical  basis  for  the  ratio  of  multiple  to  single  entry  interference  into 
a  satellite  network. 
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Finally,  Section  V  is  a  conceptual  description  of  the  problems  encountered 
when  a  single  satellite  platform  contains  frequencies  subject  to  more  than  one 
procedure. 

The  technical  approach  to  these  activities  is  described  in  Figure  1-1,  and 
the  milestones  for  accomplishing  it  are  shown  in  Figure  1-2.  This  report  also 
has  several  separate  appendices  associated  with  the  work  in  Sections  II  and  IV 
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Bandwidth  Inclined  Multiband  Multiple/Single  Entry 
Averaging  Orbit  Satellites  Interference 


Figure  1-1  Spectrum  Support  Technical  Approach 


Figure  1-2  MSO  SETA  TASK  88-4  (SPECTRUM  SUPPORT) 


Section  II 

Interference  Analysis  of  Geosynchronous 
Satellites  in  Inclined  Orbits 


II.  GEOSTATIONARY  SATELLITES  IN  INCLINED  ORBITS 

A.  Introduction 

Section  3.13.11  of  the  CCIR  Report  to  the  Second  Session  of  the  World 
Administrative  Radio  Conference,  ORB  '88,  discusses  the  effect  of  inclined 
orbit  and  geostationary  satellites.  It  notes  that  "this  is  a  matter  of  great 
potential  importance,  because  geostationary  satellites  and  inclined 
geosynchronous  satellites  share  the  same  space/spectrum  resource  if  the 
geosynchronous  satellites  are  not  made  subject  to  RR2613". 

It  further  observes  that  the  useful  life  of  current  communication 
satellites  can  be  extended  significantly  through  judicious  use  of  fuel, 
provided  that  the  satellite  increases  its  inclination.  However,  it  points  out 
that  "the  interference  geometry  of  inclined  geosynchronous  satellites  is 
considerably  more  complex  than  that  of  geostationary,  and  has  not  been  studied 
in  detail."  It  suggests  that  the  areas  of  particular  concern  are: 
interference  between  satellite  networks,  coordination  between  earth  stations 
and  terrestrial  stations,  and  sharing  of  constraints  to  limit  interference 
between  satellites  and  terrestrial  stations. 

This  section  addresses  the  angular  separation  between  two  geostationary 
satellites  in  inclined  orbits  which,  in  turn,  affect  the  earth  station  antenna 
discrimination  achievable  between  the  two  networks. 

B.  Background 

The  principal  effect  of  the  gravitational  fields  of  the  Sun  and  the  Moon 
on  a  geostationary  satellite  is  to  change  the  angle  of  inclination  of  the 
orbital  plane.  For  satellites  in  the  equatorial  plane,  the  initial  rate  of 
change  of  inclination  is  between  0.75  and  0.95°  (currently  about  0.86°  per 
year)  (Report  556-3).  As  inclination  increases,  the  rate  of  change  declines, 
until  a  maximum  inclination  of  about  15°  is  reached  after  about  26  years. 

Thus,  a  natural  limit  exists,  which  would  appear  to  be  a  reasonable  upper 
limit  for  a  geostationary  satellite. 
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The  inclination  of  an  orbit  is  the  angle  determined  by  the  plane 
containing  the  orbit  and  the  plane  of  the  Earth's  equator.  The  orbital  plane 
carries  the  satellite  above  and  below  the  equatorial  plane  for  non-zero 
inclination  angles.  At  the  same  time/  the  Earth  is  rotating  so  that  a 
geosynchronous  satellite  appears  to  be  stable  over  a  single  point  (the 
sub-satellite  point)  when  the  inclination  angle  is  zero.  With  an  inclination 
angle,  the  satellite  traces  a  figure-eight  pattern  about  the  sub-satellite 
point. 

Figure  II-l  illustrates  the  figure-eight  pattern  for  two  adjacent 
satellites.  The  horizontal  scale  is  longitude  and  the  vertical  scale  is 
latitude.  The  center  of  the  figure-eight  pattern  is  the  sub-satellite  point. 
The  equatorial  plane  separation  angle  is  the  longitudinal  difference  between 
the  sub-satellite  points.  The  nodal  phase  angle  is  the  angular  difference 
between  the  satellites  along  the  figure-eight  pattern.  The  nodal  phase  angle 
is  also  the  angular  difference  in  ascending  nodes.  Finally,  the  total 
separation  angle  is  the  total  angle  between  the  two  satellites  measured  in  a 
geocentric  coordinate  system. 

C.  Change  in  Separation  Angle  Due  to  Inclination  Angle 

The  worst  case  change  in  total  separation  angle  (in  degrees)  between  two 
adjacent  satellites  is  given  approximately  by: 

40  =  ir/360  I,  I,  (1) 

g  12 

where  1^  is  the  inclination  angle  of  satellite  1  in  degrees  and  is  the 
inclination  angle  of  satellite  2  in  degrees.  The  worst  case  occurs  for  a 
nodal  phase  angle  of  270°,  as  shown  in  Figure  II-l.  The  approximations 
involve  less  than  1%  error  for  inclination  angles  less  than  15°. 

The  change  in  total  separation  angle  (in  degrees)  for  any  nodal  phase 
angle  is  given  approximately  by: 

A  9  =  ir/360  Ix  I2  Sin  &2  (2) 
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(270  degree  nodal  phase 

angle  with  respect  to  sat  1 ) 


due  to  inclination  angles 


where  5  is  the  nodal  phase  angle.  Figures  II-2(a)  through  II-2(c) 

present  plots  of  the  minimum  total  separation  angle  as  a  function  of  the  nodal 

phase  angle  for  satellite  2  inclination  angles  of  5,  10,  and  15  degrees.  Each 

plot  shows  the  variation  with  the  inclination  angle  of  satellite  1  from  0  to 

15  degrees.  The  bases  for  these  figures  may  be  found  in  Appendix  A.  The 

smallest  total  separation  angle  occurs  at  a  nodal  phase  angle  of  270°,  while 

a  nodal  phase  angle  of  90°  results  in  an  increase  in  total  separation 

angle.  In  general,  when  both  satellites  have  some  inclination,  nodal  phase 
o  o 

angles  between  0  and  180  result  in  an  increase  m  separation  angle  for 
any  inclination  angles  as  compared  to  their  nodal  point  separation,  while 
nodal  phase  angles  between  180  and  360  degrees  result  in  a  decrease  in  the 
separation  angle  for  short  periods  of  time  varying  from  0  at  nodal  phase 
angles  of  180  and  360  degrees  to  a  maximum  at  270  degrees. 

The  percent  of  time  that  the  separation  angle  can  be  less  than  the  nodal 
point  value  is  relatively  small  (about  8%  maximum  for  a  2°  nodal  point 
angle)  for  equal  inclination  angles.  For  non-equal  inclination  angles,  the 
percent  of  time  decreases. 

In  summary,  use  of  inclined  geostationary  orbits  might  increase  the 
interference  potential,  since  the  separation  angle  between  the  satellites  may 
be  less  than  the  nodal  point  separation  angle. 

D.  Effect  on  Determination  of  Need  to  Coordinate 

Insofar  as  earth  station  discrimination  is  affected  in  the  Appendix  29 
calculations,  the  change  in  geocentric  satellite  separation  angle  can  be 
neglected  as  long  as  A9^  is  small  compared  to  6  ,  the  angular 
separation  of  the  nodal  points.  For  instance,  if  A  0g/0g  =  0.1,  the 
effect  on  earth  station  discrimination  is  about  1  dB  on  a  25  log  6  envelope 
slope.  With  this  assumption,  the  change  in  angular  separation  could  be 
neglected  when  I^I^/QgOO.  When  this  condition  is  not  met,  the 
equation  (1)  could  be  used  to  determine  the  minimum  possible  angular  spacing 
(6g)  to  be  used  in  the  Appendix  29  calculations;  i.e.; 

"5g=0g-(ir/36O) I^I^  (degrees)  (3) 
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Thus,  the  effects  of  fairly  large  inclinations  could  be  neglected  for 
large  satellite  spacings  (i.e.,  inclination  angle  effects  on  minimum  satellite 
spacing  would  generally  only  need  to  be  taken  into  account  for  close  spacings). 

The  most  likely  case  in  current  operation  of  satellites  in  the  GSO  is  that 
a  satellite  with  a  large  inclination  angle  will  be  adjacent  to  a  satellite 
with  a  small  inclination.  For  Equation  (3),  when  one  satellite  has  0° 
inclination,  the  smallest  separation  is  the  nodal  point  separation.  If  one 
satellite  has  a  1°  inclination  angle  and  the  other  a  15°  inclination,  the 
nodal  angle  separation  could  be  used  in  Appendix  29  calculations  as  long  as 
this  angle  was  greater  than  1.5°.  Thus,  it  would  be  expected  that  in  most 
cases  the  nodal  angle  separation  angle  could  be  used  in  Appendix  29 
calculations.  Even  if  a  correction  is  necessary  for  the  satellite  separation 
angle.  Appendix  29  can  still  be  used  to  determine  the  need  to  coordinate,  and 
coordination  can  be  achieved  in  accordance  with  Section  II  of  Article  11. 
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Section  III 

Bandwidth  Averaging 
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III.  BANDWIDTH  AVERAGING 


From  work  done  in  the  previous  year,  a  concept  had  been  developed  which 
has  the  potential  for  improving  the  satellite  network  coordination  process. 
This  technique  is  known  as  bandwidth  averaging.  The  material  which  had  been 
previously  developed  was  submitted  by  the  U.S.  to  the  Joint  Meeting  of  CCIR 
Study  Groups  meeting  in  December  of  1987  to  provide  the  Technical  Bases  for 
the  WARC-ORB-88. 


This  effort  was  successful  in  obtaining  recognition  for  the  possible  use 
of  this  technique  in  both  the  part  of  the  report  dealing  with  multilateral 
coordination  and  in  determining  the  need  to  coordinate  in  the  nonplanned  fixed 
satellite  bands. 

Excerpts  from  the  report  of  this  meeting  are  in  Annex  III-l. 
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Annex  111-1 

Bandwidth  Averaging  Technique  in  the 
CCIR  Report  to  WARC-ORB-88 
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3. 4. 1.4  Example  Approach  D:  Powar  density-averaging  bandwidth  method 

A.  Description  and  application 

Interference  calculations  will  be  necessary  in  the  various  phases  of 
the  MPM  process.  An  accurate  but  simple  method  for  estimating  mutual 
interference  among  the  satellite  networks  would  be  most  useful.  Such  a  method 
could  be  used  as  a  means  to  determine  the  need  to  coordinate  in  the  pre-MPM 
phase  and  as  a  means  by  which  coordination  could  be  achieved  in  the  MPM  phase. 
Where  coordination  could  not  be  achieved,  more  detailed  analyses  would  need  to 
be  made;  i.e.  such  a  method  could  also  be  a  means  by  which  to  determine  when 
more  detailed  coordination  is  required  and  the  severity  of  the  interference 
problems . 


Such  a  method  is  described  in  the  following  paragraphs  and  is  referred 
to  as  a  power  density-averaging  bandwidth  method. 

This  simple  method  for  estimating  the  mutual  interference  levels  among 
satellite  networks  is  based  on  providing  sufficient  information  to  allow 
computation  of  the  interference  power  I  in  any  interfered  with  carrier 
bandwidth.  The  interference  power  I  is  proportional  to  the  interfering  power 
density  P0  times  the  Interfered  with  bandwidth  of  Interest  Bt .  The  worst  case  P0 
is  determined  for  any  transmitting  bandwidth  Bt  by  finding  the  portion  of  a  band 
having  a  bandwidth  Bt  in  which  the  total  power  P  is  maximum  and  thus  P  (Bt )  - 
P/Bt. 


In  order  to  determine  I  for  any  carrier  bandwidth  Bc  it  is  necessary  to 
have  a  quantitative  power  density- averaging  bandwidth  function  over  the 
bandwidth  of  Interest.  The  total  band  over  which  such  a  function  would  be 
provided  Is  the  band  over  which  contiguous  or  potentially  contiguous  carriers 
could  exist.  This  would  typically  be  a  transponder  bandwidth  for  the  fixed- 
satellite  service.  It  has  been  demonstrated  that  only  a  small  number  (*5)  of 
averaging  bandwldths  with  associated  power  densities  are  needed  to  reasonably 
accurately  describe  a  complete  power  density- averaging  bandwidth  function  over  a 
transponder  bandwidth.  Judicious  selection  of  the  values  of  averaging  bandwldths 
can  result  in  small  reconstruction  errors  for  the  total  functions. 

The  power  density  values  would  be  provided  for  up-path  (P. )  and  down- 
path  (P,  )  as  now  required  for  the  reference  bandwidth  and  used  in  Appendix  29 
calculations.  AT.,  AT,,  and  AT  can  be  computed  for  all  carrier  banwldths  of 
interest  using  Appendix  29.  From  these  values,  AT/T  values  can  be  computed:  for  all 
carriers  and  the  interference  power  for  all  carriers  can  also  be  computed;  i.e., 

I  -  AT  x  K  x  Br ,  where  K  is  Boltzman's  Constant.  Thus  the  administration  with 
the  interfered  with  network  can  compute  for  each  carrier:  AT/T,  I,  I/N  or, 
knowing  the  carrier  power  C,  C/I.  Worst  case  aggregation  of  interference  from 
several  networks  can  be  calculated  using  the  sum  of  AT  values  expressed  in  degrees, 
I  as  a  power  summation.  From  this  interference  Information,  an  administration 
can  decide  if  more  detailed  analyses  are  required  or  that  the  Interference 
levels  are  acceptable.  The  information  can  also  be  used  in  an  optimization 
process  to  determine  orbital  positions  which  would  minimize  the  mutual 
interference  using  single-entry  or  aggregate  levels  and  using  AT/T,  I,  I/M  or 
C/I  (with  information  on  C  provided)  as  criteria. 

An  important  requirement  for  any  interference  determination  method,  is 
the  ability  to  properly  account  for  multiple  interference  sources  into  a  wider 
band  carrier;  for  example:  a  number  of  SCPC  carriers  transmitted  from  different 
earth  stations  and  received  by  different  earth  stations  in  one  network,  which 
are  common  sources  of  Interference  to  a  wide  bandwidth  carrier  in  an  interfered- 
wlth  network.  This  method  addresses  this  requirement  and  accounts  for  multiple 
source  interference  in  the  determination  of  the  power  densities  for  some  of  the 
averaging  bandwldths. 
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3.9. 3.4 


(section  3.4. 1.4) 


Accroach  D:  Power  densltv-aveiaxing  bandwidth  BUthad 

The  current  AT/T  aethod  provides  a  conservative  estiaate  of  potential 
interference,  because  the  reference  bandvldths  used  do  not  correspond  to  the 
large  variations  in  carrier  bandvldths  actually  employed.  More  accurate 
assessaents  of  interference  can  be  obtained  if  power  densities  averaged  over 
desired  carrier  bandvldths  were  known.  The  technique  of  power  density  averaged 
over  signal  bandwidth,  provides  a  siaple  aethod  for  estiaating  the  autual 
interference  levels  to  carriers  of  satellite  networks. 

This  aethod  is  described  in  section  3.4. 1.4.  Using  this  aethod  the 
administration  with  an  interfered  with  network  can  coapute  for  all  its  carrier 
bandvldths,  1)  the  AT/T  using  Appendix  29,  11)  the  Interference  level  I  froa  the 
AT  calculation,  ill)  the  ratio  I/N  and  iv)  knowing  its  carrier  levels,  the  ratio 
C/I.  Threshold  values  for  any  or  all  of  those  paraaeters  can  be  used  to 
deteraine  the  need  to  coordinate.  Power  density  values  for  a  number  of  averaging 
bandvldths  would  need  to  be  supplied  in  Appendix  4,  Appendix  3  or  both. 

4  ■  9  Determination  of  the  need  to  coordinate  satellite  networks 

Finally,  to  parallel  exaaple  approach  D  of  section  3. 9. 3. 4,  a  aethod  to 
determine  the  need  to  coordinate  could  be  developed  based  on  the  power 
density-averaging  bandwidth  aethod.  Such  a  aethod  would  be  aost  applicable  to 
unplanned  bands  and  space  services  since  it  accounts  for  carrier  types, 
modulation  and  multiple  access  techniques,  and  regenerative  repeaters  that  are 
not  commonly  used  in  the  planned  bands  In  the  fixed  satellite  service. 
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Section  IV 

Comparison  of  Interference  from  Multiple 
Satellites  Versus  a  Single  Satellite 
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IV.  COMPARISON  OF  INTERFERENCE  FROM  MULTIPLE  SATELLITES  VERSUS 


A  SINGLE  SATELLITE 


A.  Introduction 


In  the  CCIR  Report  [WARC-ORB( 2 ) ] ,  the  single  entry  interference  and  the 
multiple  entry  interference  were  studied  for  their  impact  on  allotment 
planning.  In  particular,  the  multiple  entry  to  single  entry  interference 
ratio  (ME/SE)  was  computed  under  various  sets  of  assumptions.  The  material  in 
this  section  computes  the  ME/SE  ratio  for  these  and  similar  conditions  and 
provides  additional  computations  to  include  the  effects  of  both  satellite 
stationkeeping  errors  and  earth  station  tracking  errors.  The  paragraphs  below 
summarize  the  findings  to  date  in  this  area.  More  detailed  material  may  be 
found  in  Appendix  B. 

B.  Homogeneous  Model 

The  models  in  this  report  are  defined  by  uniformly  spaced  satellites  in 
geostationary  orbit  sharing  the  same  frequencies.  The  assumptions  which 
define  the  homogeneous  model  include: 

•  The  satellite  spacing  is  consistent  with  using  the  25  log  0 
sidelobe  levels. 

•  Certain  satellites  have  antenna  discrimination  while  others  do  not. 

•  The  satellites  are  arranged  in  sequences,  with  the  satellites  with 
antenna  discrimination  intermixed  with  those  without  as  follows: 

sequence  1:  A, B, A, B, A, B . . . 

2:  A,  B, C, A, B , C ,  A . .  . 

3:  A,B,C,D,A,B,C,D,  .  .  . 


where  discrimination  exists  between  the  different  lettered  satellites 
but  not  between  the  same  lettered  satellites. 
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Equations  for  computing  ME/SE  ratios  were  developed  for  this  set  of 
assumptions  as  detailed  in  the  Appendix  for  the  ME/SE  ratio.  Plots  of  the 
ME/SE  ratio  were  developed  illustrating  the  ME/SE  ratio  as  a  function  of  the 
amount  of  satellite  antenna  discrimination,  the  sequence  number  and  the  total 
number  of  interfering  satellites.  A  typical  plot  is  shown  as  Figure  IV-1. 

This  plot  shows  the  ME/SE  ratio  as  a  function  of  the  satellite  antenna 
discrimination  in  dB.  The  results  for  nine  different  sequences  as  defined 
above  are  shown  by  the  individual  lines  as  marked  in  the  figure.  This  plot  is 
for  a  victim  satellite  with  12  interfering  satellites  on  either  side  of  the 
victim.  The  peak  ME/SE  ratio  is  about  4.9  (6.9  dB) . 

A  measure  of  orbit  utilization  was  defined  as  the  increase  in  the  number 
of  satellites  per  unit  angle  of  the  geostationary  orbit.  Plots  of  the  orbit 
utilization  measure  as  a  function  of  the  antenna  discrimination,  the  sequence 
number  and  the  total  number  of  interfering  satellites  were  developed.  A 
typical  plot  is  shown  as  Figure  IV-2.  This  plot  shows  the  orbit  utilization 
factor  as  a  function  of  the  satellite  antenna  discrimination  in  dB.  The 
results  are  for  nine  different  sequences  as  shown  by  the  individual  lines. 

This  plot  is  for  a  victim  satellite  with  12  interfering  satellites  on  either 
side  of  the  victim. 

C.  Homogeneous  Model  with  Antenna  Patterns 

The  assumptions  which  define  this  model  include: 

•  The  earth  station  antenna  discrimination  is  determined  from  Annex  III 
of  Appendix  29. 

•  The  satellites  are  arranged  in  sequences  as  before. 

•  The  required  composite  earth  station  and  satellite  antenna 
discrimination  is  30  dB. 

Equations  predicting  the  ME/SE  ratio  were  developed  for  this  set  of 
assumptions  as  detailed  in  the  Appendix.  Plots  of  the  ME/SE  ratio  were 
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Sequence  No.  1 
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Figure  IV. i  Multiple  entry  to  single  entry  interference  ratio  as  a  function  of  satellite 
antenna  discrimination  for  various  sequences  of  satellites.  There  are 
12  satellites  on  either  side  of  the  victim. 
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Fiqure  IV-2  Orbit  utilization  factor  as  a  function  of  the  satellite  antenna 

discrimination  for  24  satellites  (12  on  either  side  of  the  victim). 


developed  as  a  function  of  the  amount  of  satellite  antenna  discrimination,  the 
sequence  number,  the  total  number  of  interfering  satellites  and  the  diameter 
to  wavelength  ratio  of  the  earth  station  antenna.  A  typical  plot  is  shown  as 
Figure  IV-3.  This  plot  shows  the  ME/SE  ratio  as  a  function  of  the  satellite 
antenna  discrimination  in  dB  and  is  for  a  victim  satellite  with  12  interfering 
satellites  on  either  side  of  the  victim.  The  earth  station  has  a  diameter  to 
wavelength  ratio  of  100.  The  peak  ME/SE  ratio  is  about  the  same  as  before. 

D.  Stationkeeping  Error 

The  assumptions  which  defined  the  homogeneous  model  with  antenna  patterns 
were  extended  to  include  satellite  stationkeeping  errors  of  up  to  0.1  degrees 
of  longitude.  Various  methods  of  defining  the  ME/SE  ratio  were  defined, 
including: 

•  Worst  case  ME/SE  ratio 


•  ME/SE  ratio  based  upon  the  worst  case  SE,  then  the  worst  case  ME 

•  Expected  value  of  the  ME/SE  ratio 

•  Expected  value  of  the  ME/SE  ratio  given  the  worst  case  SE. 

A  general  model  was  developed  for  the  ME/SE  ratio  as  detailed  in  the 
Appendix.  Various  specialized  cases  were  identified  and  studied.  Plots  of 
the  ME/SE  ratio  based  upon  the  worst  case  SE  and  the  worst  case  ME  were 
developed  for  the  following  conditions: 

•  The  victim  satellite  is  at  its  nominal  location. 

•  All  other  satellites  are  moved  0.1  degrees  toward  the  victim. 
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Figure  IV-4  Multiple  entry  to  single  entry  interference  ratio  as  a  function  of  satellite 
antenna  discrimination  for  various  sequences  of  satellites.  The  earth 
station  antenna  has  a  diameter  to  wavelength  ratio  of  100.  There  are 
1 2  satellites  on  either  side  of  the  victim.  Required  total  discrimination 
is  30  db  and  the  longitudinal  stationkeeping  error  is  0.1  degree. 
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A  typical  plot  is  shown  in  Figure  IV-4.  Notice  the  decrease  in  the  peak  value 
of  the  ME/SE  ratio  as  compared  to  Figure  IV-3.  Similar  plots  were  developed 
for  the  following  conditions: 

•  The  victim  satellite  is  moved  toward  the  worst  case  interfering 
satellite  to  maximize  SE. 

•  All  other  satellites  are  moved  0.1  degrees  toward  the  victim. 

A  typical  plot  is  shown  as  Figure  IV-5.  The  peak  value  of  the  ME/SE  ratio  has 
decreased  compared  to  Figure  IV-4.  Statistical  models  were  also  developed  to 
describe  the  stationkeeping  error  and  its  impact  on  the  ME/SE  ratio. 

E.  Earth  Station  Tracking  Error 

The  assumptions  that  defined  the  homogeneous  model  with  antenna  patterns 
were  extended  to  include  earth  station  tracking  errors  having  up  to  a 
magnitude  of  -1  dB  relative  gain  change  on  the  earth  station  antenna  pattern. 
The  angle  corresponding  to  these  points  detemines  the  worst  case  SE  and  the 
worst  case  ME.  As  before,  various  specialized  cases  were  identified  and 
studied.  Plots  of  the  ME/SE  ratio  based  upon  the  worst  case  SE  and  the  worst 
case  ME  were  developed  for  the  following  conditions: 

•  The  victim  satellite  is  moved  toward  the  worst  case  interfering 
satellite  by  the  tracking  error  angle  to  maximize  SE. 

•  All  other  satellites  are  moved  by  the  tracking  error  angle  toward  the 
victim  satellite. 

A  typical  plot  is  shown  in  Figure  IV-6. 

F.  Combined  Stationkeeping  and  Tracking  Errors 

Models  were  developed  to  determine  the  effect  on  the  ME/SE  ratio  of  both 
stationkeeping  and  tracking  errors.  The  first  model  estimates  the  ME/SE  ratio 
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Figure  IV-5  Multiple  entry  to  single  entry  interference  ratio  as  a  function  of  satellite 
antenna  discrimination  for  various  sequences  of  satellites.  The  earth 
station  antennas  has  a  diameter  to  wavelength  ratio  of  100.  There  are 
12  satellites  on  either  side  of  the  victim.  Required  total  discrimination 
is  30  db  and  the  longitudinal  stationkeeping  error  is  0.1  degree. 


Figure  IV-6  Multiple  entry  to  single  entry  interference  ratio  as  a  function  of  satellite 
antenna  discrimination  for  various  sequences  of  satellites.  The  earth 
station  antennas  has  a  diameter  to  wavelength  ratio  of  100.  There  are 
12  satellites  on  either  side  of  the  victim.  Required  total  discrimination 
is  30  db  and  the  earth  station  tracking  error  is  idb. 
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based  upon  the  worst  case  SE  and  the  worst  case  ME  under  the  following 
circumstances: 


The  victim  satellite  is  moved  toward  the  worst  case  interfering 
satellite  by  the  combined  worst  case  stationkeeping  and  tracking 
error. 

All  other  satellites  are  moved  toward  the  victim  by  the 
stationkeeping  error  and  all  earth  station  tracking  errors  are  in  the 
direction  of  the  victim. 


A  typical  plot  is  shown  in  Figure  IV-7.  Plots  were  also  developed  for  other 
circumstances  as  defined  in  the  Appendix. 


Figure  IV-7 


Multiple  entry  to  single  entry  interference  ratio  as  a  function  of  satellite 
antenna  discrimination  for  various  sequences  of  satellites.  The  earth 
station  antenna  has  a  diameter  to  wavelength  ratio  of  1 00.  There  are 
1 2  satellites  on  either  side  of  the  victim.  Required  total  discnmmation 
is  30  db,  the  satellite  stationkeeping  error  is  0.1  degree,  and  the  earth 
station  tracking  error  is  the  -1  db  relative  gain  points. 
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V.  MULTIBAND  SATELLITE  NETWORKS 

A.  Introduction 

The  coordination  of  GSO  satellites  having  frequencies  in  multiple 
regulatory  environments  could  become  much  more  complex  and  complicated  as  a 
result  of  WARC-ORB-88.  As  a  consequence  of  WARC  *71  and  *79,  there  are  17 
satellite  services,  which  have  allocations  in  several  bands.  Today,  with  the 
exception  of  the  Broadcasting  Satellite  Plans  of  '77  and  *83,  and  the 
Feederlink  Plan  of  '83,  all  satellites  in  all  services  using  the  GSO  obtain 
international  recognition  for  their  frequency  assignments  in  accordance  with 
the  provisions  of  Articles  11  and  13  of  the  Radio  Regulations.  After 
WARC-ORB-88,  there  may  be  two  further  methods  for  achieving  such  recognition, 
each  applicable  to  its  own  set  of  allocations.  This  makes  six  different 
authorization  mechanisms  for  frequencies  on  GSO  satellites. 

The  problem  is  what  happens  when  a  satellite  platform  located  at  a 
particular  orbit  location  uses  frequencies  in  more  than  one  band  and  more  than 
one  procedure  would  be  appropriate.  This  paper  analyzes  this  problem  and  sets 
forth  an  approach  on  a  proposal  for  WARC-ORB-88. 

B.  Possible  Procedure  Approach  Combinations 

The  procedural  approaches  for  authorizing  geostationary  satellite 
networks  are  indicated  in  Table  V-A,  along  with  their  distinguishing 
characteristics . 

As  suggested  in  Table  V-A,  multiple  combinations  of  frequency  bands  can 
be  put  on  a  single  satellite  platform.  When  this  occurs,  it  results  in  the 
need  to  deal  with  multiple  regulating  procedures.  Some  of  these  situations 
have  already  occurred  and  serve  to  illustrate  the  problem: 

o  Tele-X  is  a  Scandinavian  satellite  with  transponders  on  frequencies 
both  in  the  BSS  Plan  of  WARC  'll  and  in  the  11/14  GHz  band  allocated 
to  the  Fixed  Satellite  Service.  Because  of  the  BSS  Plan  at  11.7-12.5 
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Table  V-A 


Mgthpd 

Allocations  (GHz) 

B&galsfci<?ns 

BSS  *77 

BSS  11.7-12.5  (Reg  1) 

BSS  11.7-12.2  (Reg  3) 

Appendix  30, Art. 15 

BSS  '83 

BSS  12.2-12.7  (Reg  2) 

BSS  17.3-17.8  (Reg  2) 

Appendix  30, Art. 15 
Appendix  30A,Art.l5A 

FSS  Allotment 

FSS  4.5-4.8/6.725-7-7.025 
FSS  10.7-10.95 

FSS  11.2-11.45 

FSS  12.-75-13.25 

Appendix  30  B 
(WARC-ORB-88) 

Improved  Procedures 
(MPM) 

Certain  FSS  bands 

Resolution/ ( ? ) 
(WARC-ORB-88) 

Simplified  Procedures 
(Unplanned  Bands 
and  Services) 

Unplanned  BSS 

Remaining  FSS  bands 
and  all  other  Space 
Services  Allocations 
Remaining  BSS  bands 

Existing  Art  11/13 
+  MODS  from 
WARC-ORB-88 
Resolution  33 

GHz,  the  satellite  is  obliged  to  be  located  at  a  pre-assigned  orbit 
location.  This  has  created  great  difficulty  in  concluding 
coordination  of  the  Fixed  Satellite  service  transponders,  since 
although  they  could  cause  interference  to  other  previously 
coordinated  satellites,  its  orbital  location  cannot  be  adjusted  due 
to  the  BSS  Plan  obligations. 

o  Under  the  envisioned  changes  of  WARC-ORB-88,  INMARSAT  satellites  will 
come  under  two  sets  of  procedures.  Their  feederlinks  in  the  fixed 
satellite  service  will  be  subject  to  the  improved  procedure  process, 
while  their  mobile  satellite  service  frequencies  will  continue  to  be 
subject  to  the  procedures  for  the  nonplanned  bands. 

o  The  "Existing  Systems"  to  be  accommodated  in  the  Allotment  Plan  are 
another  illustration  of  the  complications  caused  to  multiband/ 
multiservice  satellites  by  multiple  procedures.  They  have  allotment 
band  frequencies  and  will  be  accommodated  in  the  Allotment  Plan. 
However,  these  satellites  will  also  be  subject  to  the  procedures 
applicable  to  other  frequencies  on  the  satellite. 


As  these  examples  illustrate,  there  will  be  a  number  of  situations 
requiring  application  of  multiple  procedures. 

As  a  number  of  existing  and  planned  satellite  systems  have  this 
multi-procedural  aspect,  it  is  in  the  interest  of  WARC-ORB-88  to  attempt  to 
provide  a  basis  for  dealing  with  them  in  as  simple  a  fashion  as  possible. 


C.  Analysis 


The  question  becomes  how  to  deal  with  satellite  networks  that  fall  under  a 
multiple  set  of  regulatory  procedures.  At  first  glance,  there  are  five 
different  procedure  elements  to  consider  when  establishing  a  basis  for 
coordination.  These  relate  generally  to  the  degrees  of  freedom  associated 
with  use  of  the  orbit  position.  However,  they  must  all  be  considered  as 
having  equal  status.  Their  relation  to  each  other  when  paired  on  the  same 
satellite  are  analyzed  below.  The  elements  are: 


1.  Networks  that  have  completed  coordination/ registration  procedures 
with  their  frequency  assignments  and  orbit  locations  recorded  in  the 
IFRB  Master  Register.  These  networks  generally  fall  in  the  MPM  or 
unplanned  bands  and  services,  and  were  coordinated  with  the  least 
regulatory  constraints.  However,  due  to  multiple  coordination 
constraints,  some  of  these  networks  may  have  little  (if  any)  degrees 
of  freedom  remaining. 

2.  Networks  using  orbit/spectrum,  which  are  part  of  BSS  Assignment  plans 
(BSS  '77,  FSS  '83,  BSS  '83).  Orbit  positions  and  operating 
parameters  are  defined  by  the  Plans  and,  in  practice,  there  is 
essentially  little  flexibility  in  orbital  position  short  of  seeking  a 
formal  plan  modification;  there  is  only  limited  flexibility  in 
equipment  parameter  choice. 

3.  Those  networks  using  spectrum  which  are  part  of  the  Fixed  Satellite 
Allotment  Plan  (WARC-ORB-88).  The  degrees  of  freedom  will  be  limited 
by  regulation.  There  may  be  some  orbit  position  flexibility  if  a 
predetermined  arc  is  used.  There  may  be  some  operating  parameter 
flexibility  within  regulatory  limits. 

4.  Those  networks  to  which  a  multilateral  improved  procedure 
(WARC-ORB-88)  will  apply.  The  regulatory  constraints  are  yet  to  be 
determined,  but  would  be  between  those  of  elements  3  and  5.  However, 
in  congested  orbital  arcs,  there  would  probably  be  little  degrees  of 
freedom  after  coordination. 
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5.  Those  networks  which  are  in  unplanned  bands  (ART  11/13).  These 

systems  would  have  the  largest  degree  of  freedom  from  a  regulatory 
standpoint. 


The  extent  of  complications  affected  by  multiband  satellites  can  be 
evaluated  by  examining  pairs  of  the  above. 


1&5  This  represents  the  situation  where  the  networks  are  in  unplanned 
bands,  and  it  is  expected  that  bilateral  (or  multilateral) 
coordination,  as  appropriate,  will  continue  between  the 
administrations  responsible  for  the  networks  under  the  current 
procedures  of  Articles  11  and  13. 

562  For  an  already  coordinated  satellite  network  which  is 

563  part  of  a  multilateral  improved  procedures  (IP)  coordination, 

564  the  Allotment  Plan  or  the  BSS  Feederlink/Assignment  Plans,  and  which 
also  has  frequencies  which  are  part  of  unplanned  band  allocations, 
the  situation  can  be  particularly  difficult,  because  the  networks  in 
the  unplanned  bands  have  equal  status  with  the  others.  Even  though 
the  degrees  of  freedom  are  more  constrained  by  regulation  in  planned 
bands,  these  constraints  cannot  be  imposed  on  networks  in  unplanned 
bands  simply  on  account  of  an  administration  having  a  satellite  using 
both  planned  and  unplanned  bands.  Nor  should  an  administration  using 
only  unplanned  bands  be  required  to  participate  in  coordination 
meetings  mandated  by  planned  band  regulations  as  a  consequence  of  a 
multiband  coordination. 

4&3  In  the  case  of  multilateral  coordination  (improved  procedures) 

involving  a  satellite  network  in  the  Allotment  Plan,  there  may  be 
some  degree  of  flexibility  for  the  network  using  allotment 
frequencies,  due  to  the  flexibility  hopefully  built  into  the 
Allotment  Plan  with  the  Pre-Determined  Arc  Concept.  The  Allotment 
Plan  frequencies  should  be  considered  on  an  equal  basis  with  the 
multilateral  (IP)  coordination  to  the  degree  permitted  by  a 
particular  predetermined  arc.  However,  Allotment  Plan  regulatory 
constraints  cannot  be  imposed  on  MPM  frequncy  bands. 

2&4  In  a  multilateral  coordination,  it  may  be  possible  to  easily 

accommodate  the  consequential  effect  of  Fixed  Satellite  frequencies 
on  BSS  Assignment  Plan  satellites,  since,  in  an  MPM,  there  would  be 
multiple  ways  of  making  adjustments.  In  addition,  the  BSS  'ould  use 
its  plan  modification  provisions.  BSS  Plan  regulatory  constraints 
cannot  be  imposed  on  MPM  frequency  bands. 

1&4  There  are  many  registered  and  operating  networks  which  are  in  MPM 
bands.  Since  these  networks  were  authorized  under  "unplanned  band" 
procedures,  the  associated  regulatory  constraints  would  continue  to 
be  applicable.  However,  it  appears  that  administrations  with 
currently  registered  systems  would  be  required  to  participate  in  a 
multilateral  negotiation  in  order  to  help  accommodate  a  new  system. 
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2&3  This  situation  presents  no  coordination  problems.  This  is  due  to  the 
fact  that  either  an  Administration's  assignment  in  a  BSS  Plan  is  in 
the  Pre-Determined  Arc  of  its  Allotment  or  it  is  not.  If  it  is,  then 
90%  of  the  coordination  with  other  FSS  systems  has  been 
accomplished.  If  it  is  not,  it  might  not  be  possible  to  accomplish 
except  through  plan  modification.  It  is  simply  necessary  to  make 
certain  that  such  plan  modification  is  provided. 

162  The  problems  posed  by  this  situation  should  generall-;  be  nonexistent, 
since  they  are  mutually  exclusive.  If  the  system  is  in  the  Master 
Register,  it  has  completed  the  procedures  for  Coordination/ 
Notification  and  will  have  already  avoided  or  cleared  coordination 
with  the  frequencies  of  the  BSS  assignment  plans,  if  necessary. 
Additional  BSS  networks  would  have  to  be  accommodated  using  a  plan 
modification  procedure. 

163  This  situation  generally  applies  during  the  course  of  developing  the 
Allotment  Plan  with  regard  to  accommodating  existing  systems  in  the 
allotment  plan.  Once  this  is  accomplished,  any  further  satellite 
network  would  have  to  be  incorporated  through  a  plan  modification 
procedure. 


D.  Proposals/Solutions 


The  CCIR  Report  JIWP-ORB-88  at  Section  3.4.2  states: 

"3.4.2  Difficulties  regarding  multi-purpose,  multi-band 
satellite  networks 

Problems  may  arise  in  cases  where  it  is  planned  to  use  a 
multi-purpose  satellite;  i.e.  for  different  services,  or  a  multi-band 
satellite  in  the  fixed-satellite  service.  In  such  cases,  an 
administration  would  be  obliged  to  apply  different  procedures  to 
access  the  geostationary-satellite  orbit  which  might  result  in 
different  and  perhaps  not  always  compatible  findings  for  the 
different  bands  or  services  concerned. 


As  a  result,  it  is  possible  that  in  some  cases  any  compulsory 
procedure  involving  multilateral  meetings  for  coordination  or 
planning  may  complicate  the  process  of  implementing  satellite 
networks.  A  combined  method  based  upon  an  improved  Article  11 
procedure  with  the  additional  possibility  of  convening  multilateral 
meetings  may  be  useful  to  resolve  these  problems  in  the  bands 
identified  by  WARC  0RB(1)  for  improved  procedures." 
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It  is  apparent  that  there  are  difficulties  posed  by  multi-procedure 
satellites.  To  assist  the  situation,  a  resolution  could  be  proposed  at 
WARC-ORB-88  which  establishes  guidelines  for  how  to  handle  the  coordination  of 
such  multiband  systems.  The  resolution  woud  be  referenced  to  appropriate 
parts  of  Articles  11,  15,  15A;  Appendices  30,  30A,  30B;  and  the  Improved 
Procedure  Resolution,  as  appropriate.  The  resolution  would  establish  certain 
principles  with  regard  to  dealing  with  the  several  different  multiband 
situations.  A  draft  of  such  a  resolution  is  attached.  The  purpose  is  to  1) 
maintain  the  integrity  of  the  individual  coordinating  procedures;  and  2) 
provide  direction  to  administrations  and  the  IFRB  regarding  the  coordination 
of  multiband  satellites. 


Resolution  Ho.  J 

Relating  to  the  Coordination  of  Satellite  Hetworks 
when  the  Frequencies  to  be  Used  are  Subject 
to  Multiple  Procedures 

The  World  Administrative  Radio  Conference.  Geneva  1988 
Considering, 

that  after  the  Conference,  there  may  be  up  to  six  different  regulatory 
mechanisms  for  obtaining  international  recognition  for  space  radio¬ 
communication  services  using  the  Geostationary  Satellite  Orbit; 

that  there  will  be  GSO  satellites  with  one  or  more  networks  using 
frequencies  subject  to  more  than  one  regulatory  procedure; 

that  it  is  desirable  to  clarify  and  simplify  the  relation  of  these 
procedures  in  obtaining  international  recognition  for  the  use  of  frequencies 
by  satellite  networks  subject  to  more  than  one  procedure; 

that  each  procedure  has  equal  status  in  its  own  right; 

Recognizing, 

that  the  procedures  concerned  are  those  indicated  in  Table  V-A 
Resolves, 

that  when  satellite  networks  using  frequencies  which  are  subject  to  more 
than  one  of  the  procedures  indicated  in  the  ANNEX,  the  following  guidelines 
should  be  applied. 

1.  When  satellite  networks  use  frequencies  in  both  unplanned  and  planned 
bands,  every  effort  should  be  made  to  equally  apply  the  procedural 
requirements  of  both.  However,  the  regulatory  constraints  of  the  planned 
bands  cannot  be  imposed  on  the  use  of  frequencies  in  the  unplanned  bands. 
Administrations  using  only  frequencies  in  unplanned  bands  should  not  be 
required  to  participate  in  planned  band  coordinations  as  a  consequence  of 
another  administration's  multiband  satellite.  Constraints  needed  to  reach  a 
successful  accommodation  in  the  unplanned  bands  and  services  should  be 
accepted  by  the  multiband  system. 

2.  When  planning  satellite  networks  it  is  desirable  to  avoid,  if  possible, 
using  frequency  bands  to  which  more  than  one  regulatory  procedure  applies.  In 
any  event  an  administration  seeking  coordination/notification  for  a  satellite 
network  using  frequency  bands  subject  to  different  procedures  must  assume  the 
risk  that  the  coordination  can  be  more  difficult  and  possibly  unsuccessful  and 
cannot  expect  to  meet  its  particular  requirements  by  using  as  a  factor  in 
coordinating  with  other  networks  that  its  satellite  is  subject  to  a  different 
procedure. 


3.  When  an  administration  has  a  coordinated/notified  satellite  network  using 
frequencies  in  unplanned  bands  that  administration  should  not  be  required  to 
recoordinate  as  a  consequence  of  constraints  on  planned  band  networks,  with  an 
administration  using  an  unplanned  band  frequencies  and  planned  band 
frequencies . 

4.  If  an  administration  has  a  BSS  assignment  and  also  has  an  FSS  allotment  in 
approximately  the  same  orbital  location,  the  implemented  allotment  position 
should  be  able  to  be  adjusted  to  coincide  with  the  BSS  assignment  location 
because  of  the  flexibility  provided  by  the  Pre-Determined  ARC. 

5.  Coordinations  carried  out  under  improved  procedures  need  to  take  account 
of  the  orbital  locations  of  systems  having  frequencies  in  Assignment  and 
Allotment  Plans,  as  well  as  improved  procedure  bands.  In  this  connection  plan 
modification  procedures  should  be  utilized  if  possible  in  the  coordination 
process. 


I 

I 
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Section  1 


INTRODUCTION 


This  report  examines  the  consequences  of  broadening  the 
definition  of  geostationary  orbit  (GSO)  to  include  orbital 
inclination  angles  of  up  to  a  fixed  number  of  degrees. 

As  is  well  known,  the  allowance  of  inclination  angles  in 
geostationary  orbits  can  increase  the  in-orbit  life  of 
geostationary  satellites  by  requiring  less  fuel  for  north-south 
station  keeping.  Additionally,  the  use  of  inclined  GSO  to  allow 
multiple  satellites  at  a  single  orbital  position  has  been  studied 
(Report  453-4) .  Mitigating  against  the  use  of  inclined  GSO  is 
the  apparent  decrease  in  longitudinal  separation  caused  by  the 
inclined  orbit  (Report  556-3)  and  the  resulting  increase  in 
potential  interference  from  the  smaller  separation  angle. 

This  report  is  concerned  with  the  technical  factors 
impacting  the  separation  angle  between  two  satellites  due  to  the 
inclined  GSO  of  both  satellites.  The  increase  in  potential 
interference  is  investigated  by  computing  both  the  total 
separation  angle  between  the  satellites  and  the  percent  of  time 
resulting  in  a  decrease  in  the  separation  angle  below  that 
defined  in  the  equatorial  plane.  Using  the  methods  of  Appendix 
29  of  the  Radio  Regulations,  the  change  in  total  separation  angle 
is  converted  to  an  increase  in  the  equivalent  noise  temperature. 
Recommendations  for  broadening  the  definition  of  GSO  are  given 
and  discussed  in  detail. 

1 . 1  Background 

The  inclination  of  an  orbit  is  the  angle  determined  by  the 
plane  containing  the  orbit  and  the  plane  of  the  Earth's  equator. 
The  orbital  plane  carries  the  satellite  above  and  below  the 
equatbrial  plane  for  non-zero  inclination  angles.  At  the  same 
time,  the  Earth  is  rotating  so  that  a  geosynchronous  satellite 
appears  to  be  stable  over  a  single  point  (the  sub-satellite 
point)  when  the  inclination  angle  is  zero.  With  an  inclination 
angle,  the  satellite  traces  a  figure  eight  pattern  about  the 
sub-satellite  point. 

Figure  1-1  illustrates  the  figure  eight  pattern  for  two 
adjacent  satellites.  The  horizontal  scale  is  longitude  and  the 
vertical  scale  is  latitude.  The  center  of  the  figure  eight 
patern  is  the  sub-satellite  point.  The  equatorial  plane 
separation  angle  is  the  longitudinal  difference  between  the  sub¬ 
satellite  points.  The  nodal  phase  angle  is  the  angular 


due  to  inclination  angles 


difference  between  the  satellites  along  the  figure  eight  pattern. 
The  nodal  phase  angle  is  also  the  angular  difference  in  ascending 
nodes.  Finally,  the  total  separation  angle  is  the  total  angle 
between  the  two  satellites  measured  in  a  geocentric  coordinate 
system. 

1.2  Results 

This  study  of  the  impact  of  inclination  angles  on  the  need 
for  coordination  yielded  the  following  results: 

o  Various  values  were  considered  as  maximum  inclination 
angles  not  requiring  consideration  in  determining  the 
need  for  coordination.  Additionally,  the  case 
against  any  maximum  inclination  angle  was  detailed. 

o  The  details  of  the  impact  of  inclination  angles  on 
the  need  for  coordination  were  quantified  and 
discussed . 

o  A  procedure  was  developed  which  can  be  used  to  modify 
the  procedure  for  computing  Delta  T/T  in  accordance 
with  Appendix  29  of  the  Radio  Regulations. 

o  A  revised  definition  of  geostationary  orbit  is 
proposed  which  broadens  the  current  definition  to 
include  inclination  angles. 

o  Methods  for  using  inclination  angles  to  reduce  the 
potential  interference  are  identified  and  discussed. 

Detailed  conclusions  and  recommendations  can  be  found  in  Section 
4. 

1.3  Synopsis 

This  section  presents  the  background  of  the  study  including 
the  definition  of  the  coordinate  systems  and  angles.  Section  2 
provides  the  calculation  of  the  change  in  total  separation  angle 
due  to  the  inclination  angles  of  two  adjacent  satellites. 
Additionally,  Section  2  presents  the  percent  of  time  the  total 
separation  angle  is  less  than  the  equatorial  plane  value  as  well 
as  statistical  estimates  of  changes  in  total  separation  angle  due 
to  inclination  angles.  Section  3  presents  the  calculation  of  the 
increase  in  equivalent  noise  temperature  due  to  the  inclination 
angles  using  the  Delta  T/T  method  of  Appendix  29  of  the  Radio 
Regulations.  Broadened  definitions  and  detailed  discussions  of 
geostationary  orbits  are  presented  in  Section  4  which  also 
provides  the  conclusions  and  recommendations  derived  as  a  result 
of  this  study.  Appendix  A  presents  the  mathematical  derivations 
supporting  the  other  sections. 


Section  2 

CALCULATION  OF  THE  CHANGE  IN  SEPARATION  ANGLE 
DUE  TO  INCLINATION  ANGLE 


The  principal  effect  of  the  gravitational  fields  of  the  Sun 
and  the  Moon  on  a  geostationary  satellite  is  to  change  the  angle 
of  inclination  of  the  orbital  plane.  For  satellites  in  the 
equatorial  plane,  the  initial  rate  of  change  of  inclination  is 
between  0.75  and  0.95  degrees  (currently  about  0.86  degrees  per 
year)  (Report  556-3).  As  inclination  increases,  the  rate  of 
change  tends  to  decline.  Inclination  of  the  orbital  plane 
results  in  the  figure  eight  locus  about  the  sub-satellite  point. 

In  this  section,  the  figure  eight  locus  is  derived  as  it 
impacts  the  total  separation  angle  between  two  nearby  satellites 
in  GSO.  Prior  to  considering  the  separation  angle,  definition  of 
terms  are  presented  along  with  parameter  definitions. 

2.1  Definitions 

TOTAL  SEPARATION  ANGLE:  The  angle  between  the  lines  drawn 

from  the  center  of  the  earth  to  each  satellite. 

NOMINAL  SEPARATION  ANGLE:  The  longitudinal  angle  between 

the  satellites  measured  between  the  equatorial  plane  crossings. 

INCLINATION  ANGLE:  The  angle  between  the  normal  to  the 

equatorial  plane  and  the  momentum  vector  of  the  satellite. 

The  parameters  are  defined  as  follows: 

I  ■  inclination  angle 

0,=  equatorial  plane  separation  angle  between  satellite  1 
and  2 

t  time  in  hours  from  the  ascending  node 

<P  =  latitude 

0  =  longitude 

X  «  total  separation  angle 

a A=  change  in  total  separation  angle 

Y  =  nodal  phasing  angle  of  satellite  2  relative  to  satel- 
0  lite  1,  i.e.  ,  angular  difference  between  ascending  nodes 

Oj*  inclination  angle  deviation 
a  *  deviation  of  change  in  total  separation  angle 

u  A 
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2.2  Longitude  excursions  o£  an  inclined  geostationary  satellite 

As  is  well  known,  the  latitude  and  longitude  excursions  due 
to  an  inclined  orbital  plane  are  given  by: 

4>  =  Sin'1  (Sin  I  Sin  y  )  (2-1) 

0  *  Tan'1  (Cos  I  Tan  y  )  -  y  (2-2) 

where:  y  *  2irt/24. 

Figure  2-1  shows  a  plot  of  latitude  versus  longitude  excursions 
for  various  inclination  angles  from  1  to  10  degrees  in  one  degree 
steps.  The  resulting  figure  eight  is  a  function  of  time  from  the 
ascending  node.  Notice  from  Figure  2-1  that  the  longitude  scale 
is  greatly  expanded  and  that  the  maximum  longitude  excursions  are 
small . 

The  maximum  value  of  longitude  excursion  predicted  by 
equation  (2-2)  is  derived  in  Appendix  A-l  and  is  given  by: 

9max  =  12/2  (radians)  (2-3) 

where  it  has  been  assumed  that  the  inclination  angle  is  small 
(<15  degrees)  and  the  maximum  longitude  excursion  is  small.  The 
maximum  was  found  over  the  time  parameter.  Figure  2-2  shows  the 
maximum  longitude  excursion  as  a  function  of  the  inclination 
angle.  As  an  example,  for  an  inclination  angle  of  10  degrees, 
the  maximum  longitude  excursion  is  0.436  degrees. 

2.3  Total  separation  angle 

For  purposes  of  interference  calculations,  the  angle  between 
the  vectors  from  the  earth's  center  to  each  satellite  is  oi 
interest.  This  total  separation  angle  can  be  found  from  solid 
analytic  geometry  as: 

Cos  A  *  Cos4>  Cos*  Cos6  Cose 

1  l  1  2 

+  Cosdi  Cos<j>  Sine  Sine 

1  2  1  2 

+  Sinij)  1  Sin$2  (2-4) 

where  the  subscripts  refer  to  the  satellite  and  both  satellites 
are  assumed  to  have  the  same  distance  from  the  center  of  the 
earth.  As  is  usual,  the  geocentric  angle  is  being  used  as 
opposed  to  the  topocentric  angle. 

The  difference  in  time  from  ascending  node  of  satellite  1  to 
the  ascending  node  of  satellite  2  is  designated  At  so  that: 

t2  -  t1  +  At  (2-5) 
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inclination  angle 


or  in  terms  of  the  node  phasing  angle: 


Y  =  Y  +  Y 
2  1  0 


(2-6) 


where  y 


The 
latitude 
1).  The 


lies  between  0  and  2 tt  . 

nominal  latitude  of  each  satellite  is  zero,  i.e., 
excursions  about  zero  latitude  as  given  by  equation  (2- 
longitude  of  each  satellite  is  given  by: 


0 1 “  0O+A6!  (2-7) 

0  2 =  9U+6S  +A62  (2-8) 


where  A0  is  given  by  equation  '2-2).  Using  small  angle 
approximations.  Appendix  A-2  shows  the  total  separation  angle  is 
approximately : 

X2=  [ I ^Siny j  -  I2Sin(Y1+Y0) ]2 

+  [  -  I2  / 4  Sin2Y  j  +  I22/4  Sin2(Yl+Y0)  -9S  ]2  (2-9) 

Figures  2-3  through  2-5  are  a  series  of  plots,  using  equation  (2- 
9) ,  of  the  total  separation  angle  as  a  function  of  time  from  the 
ascending  node  of  satellite  1.  The  nominal  separation  angle  is  2 
degrees  as  shown  by  the  dashed  line  on  each  plot  and  satellite  2 
has  a  5,  10,  or  15  degree  inclination  angle  in  Figures  2-3,  2-4, 

and  2-5,  respectively.  Figures  2-3(a),  2-4(a)  ,  and  2-5(a)  have  a 
node  phase  angle  of  0  degrees.  The  node  phase  angle  increases  by 
45  degree  increments  to  the  315  degrees  in  Figures  2-3(h) ,  2- 

A(h) ,  and  2-5 (h).  In  each  plot,  the  inclination  angle  of 
satellite  1  is  varied  from  0  to  15  degrees.  Notice  that  a  node 
phase  angle  of  270  degrees  results  in  the  smallest  total 
separation  angle. 

2.4  Worst  case  change  in  total  separation  angle  due  to 
inclination  angle 

Figures  2-3,  2-4,  and  2-5  indicate  the  minimum  total 

separation  angle  occurs  with  a  270  degree  nodal  phase  angle.  For 
this  condition,  the  total  separation  angle  becomes: 

X2-  [I^inyj  +  I2Cosy  j  ]  2 

+  [ -Sin2y  1  (1 2/4  +  IV4)  -es  V  (2-10) 

Notice  that  the  first  term  is  zero  when: 

Tan>  =  -I  /I  (2-11) 

r  1  2  1 

Appendix  A-3  shows  that  this  yields  the  approximate  minimum 
separation  angle.  Substituting  equation  (2-11)  into  (2-10)  gives 
the  minimum  total  separation  angle  as: 
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Figure  2-3(a) :  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  5  degrees 
and  node  phase  angle  is  0  degrees. 


FPARATinN  ANGLE,  2  DEG,  5  INGLIN,  «S  PHASE 
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Figure  2-3(b) :  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plsne  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  5  degrees 
and  node  phase  angle  is  45  degrees. 
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Figure  2-3(d) :  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  5  degrees 
and  node  phase  angle  is  135  degrees. 


Figure  2-3(f):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  5  degrees 
and  node  phase  angle  is  225  degrees. 


Figure  2 - 3 ( g ) :  Total  separation  angle  as  a  function  of  time 
the  ascending  node  of  satellite  1.  Equatorial  plane  separ 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  5  de 
and  node  phase  angle  is  270  degrees. 
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Figure  2-3(h):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  5  decrees 
and  node  phase  angle  is  313  degrees. 
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Figure  2-4(a):  Total  separation  angle  as  a  func 
the  ascending  node  of  satellite  1.  Equatorial 
angle  is  2  degrees,  inclination  angle  of  sat 
degrees  and  node  phase  angle  is  0  degrees. 
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Figure  2-4(b):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  10 
degrees  and  node  phase  angle  is  45  degrees. 
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Figure  2-4(c)  :  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  10 
degrees  and  node  phase  angle  is  90  degrees. 
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Figure  2-4(d) :  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  10 
degrees  and  node  phase  angle  is  1 25  degrees. 
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Figure  2-4(g) :  Total  separation  angle  as  a  func 
the  ascending  node  of  satellite  1.  Equatorial 
angle  is  2  degrees,  inclination  angle  of  sat 
degrees  and  node  phase  ngle  is  270  degrees. 
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Figure  2-4(h):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  1U 
degrees  and  node  p>hase  angle  is  315  degrees. 


Figure  2-5(b):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  15 
degrees  and  node  phase  angle  is  45  degrees. 
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Figure  2-5(c) :  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  15 
degrees  and  node  phase  angle  is  90  degrees. 
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Figure  2-5(g):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  2  degrees,  inclination  angle  of  satellite  2  is  15 
degrees  and  node  phase  angle  is  270  degrees. 


(2-12) 


A2  =  [  I  - 1 2/ 2  -e*  ]2 

The  change  in  the  total  separation  angle  is: 

A  A  =0S  -A  =  1^/2  (radians) 

aa°=tt  /360  ioio  (degrees)  (2-13) 

where  the  superscript  o  indicates  the  value  in  degrees.  Equation 
(2-13)  predicts  the  worst  case  total  separation  angles  in  Figures 
2-3,  2-4  and  2-5. 

Figure  2-6  shows  contours  of  constant  change  in  total 
separation  angle  as  a  function  of  the  inclination  angles  of  both 
satellites  for  the  worst  nodal  phase  angle.  For  example,  for 
inclination  angles  of  10  degrees  for  both  satellites,  the  change 
in  total  separation  angle  can  be  read  as  about  0.9  degrees.  For 
a  nominal  separation  angle  of  2  degrees,  the  minimum  total 
separation  angle  is  then  1.1  degrees. 

It  is  possible  to  solve  equation  (2-9)  for  an  arbitrary 
nodal  phase  angle  by  noting  that  the  first  term  of  equation  (2-9) 
is  zero  when: 

TanY  j  -  I jSiny  0  /(  Ij  -  I2Cosyq)  (2-14) 

Appendix  A-4  shows  that  this  yields  the  approximate  minimum  total 
separation  angle.  Substituting  equation  (2-14)  into  (2-9)  and 
simplifying  gives: 

A2  =  (-1^/2  Sinyo  -es]2  (2-15) 

and  gives  the  change  in  total  separation  angle  as: 

AA  =  1^1/2  Sinyo  (radians)  (2-16) 

Figures  2-7 (a)  through  (c)  present  plots  of  the  minimum  total 
separation  angle  as  a  function  of  the  node  phase  angle  for 
satellite  2  inclination  angles  of  5,  10,  and  15  degrees.  Each 

plot  shows  the  variation  with  the  inclination  angle  of  satellite 
1  from  0  to  15  degrees.  Notice  the  worst  case  total  separation 
angle  occurs  at  a  nodal  phase  angle  of  270  degrees  while  a  nodal 
phase  angle  of  90  degrees  provides  an  increase  in  total 
separation  angle. 

2.5  Percent  of  time  separation  angles  is  less  than  equatorial 
plane  value 

Figures  2-3,  2-4  and  2-5  show  that  the  time  during  which  the 
total  separation  angle  is  smaller  than  the  equatorial  plane  value 
is  small  and  is  near  the  time  when  the  separation  angle  is 
minimum.  Then  let: 

V!B  >min+AY  (2-17) 
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Figure  2-6:  Total  separation  angl 
angles  for  the  worst  nodal  phase 


pure  2-7  (b):  Minitnurr  total  separation  angle  as  a  function  of 
dal  phase  angle.  Satellite  2  inclination  angle  is  10  degrees. 


where  Ay  is  a  small  angle  around  the  minimum.  Using  the  small 
angle  approximations  and  the  worst  case  nodal  phase  angle  (note 
that  this  is  not  the  worst  percent  of  time)  yields  solutions  tor 
Ay  where  the  total  separation  angle  is  equal  to  the  equatorial 
plane  value.  As  shown  in  Appendix  A-5,  the  solutions  are: 


>2=  [-es(i2  -  ip/2  ±  /(I2  +  1 2)  iii26s] 


/(I?  +  I22) 


(2-18) 


The  angle  over  which  the  total  separation  angle  is  less  than  the 
equatorial  plane  value  is: 


=  2/  Ill2es/(I2  +  12) 


(2-19) 


Over  one  orbit,  this  angle  occurs  twice  as  shown  in  Figures  2-3, 
2-4,  .and  2-5.  The  total  time  over  which  the  total  separation 
angle  is  less  than  the  equatorial  plane  value  is: 


Time  =  48/  it  A  ^  26s  /  (I*  +  i*) 


(2-20) 


The  percent  of  time  over  which  the  total  separation  angle  is  less 
than  the  equatorial  plane  value  can  be  written  as: 


%Time  =  200/ 


lV^  (I1  +  lV 


(2-21) 


Notice  this  equation  has  a  maximum  when  the  inclination  angles 
are  equal.  Notice  also  that  the  total  time  is  dependent  upon  the 
nominal  separation  angle.  Figures  2-8 (a)  through  2-8 (d) 
illustrate  this  dependency  of  total  time  on  the  nominal 
separation  angle.  Comparison  of  the  %Time  in  these  figures  with 
that  computed  from  equation  (2-21)  for  equal  inclination  angles 
of  10  degrees  is  as  follows: 


Separation 
Angle  (deg) 


70Time 

(plots) 

7.3% 

8.8 

10.6 

12.0 

13.1 


%Time 

(equation) 

8.1% 

9.9 

11.4 

12.8 

14.0 


Figures  2-9(a)  through  (e)  show  plots  of  the  percent  of  time 
the  total  separation  angle  is  smaller  than  the  equatorial  plant- 
value  as  a  function  of  the  inclination  angles  of  both  satellites. 
The  equatorial  plane  separation  angle  ranges  from  2  degrees  in 
Figure  2-9(a)  to  6  degrees  in  Figure  2-9(e). 
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Figure  2-8(b) :  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  4  degrees,  inclination  angle  of  satellite  2  is  10  degrees 
and  node  phase  angle  is  270  degrees. 
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Figure  2-8(c):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  5  degrees,  incl inat ion  angle  of  satellite  2  is  10  degree 
and  node  phase  angle  is  270  degrees. 


Figure  2-8(d):  Total  separation  angle  as  a  function  of  time  from 
the  ascending  node  of  satellite  1.  Equatorial  plane  separation 
angle  is  6  degrees,  inclination  angle  of  satellite  2  is  10  degrees 
and  node  phase  angle  is  270  degrees. 
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Figure  2-9(a):  Percent  of  time  the  total  separation  angle  is 
smaller  than  the  equatorial  plane  value  as  a  function  of 
inclination  angle.  Noninal  separation  angle  is  2  degrees. 


i  yj  _  h  -j 


A-4  7 


Figure  2-9(e):  Percent  of  time  the  total  separation  angl 
smaller  than  the  equatorial  plane  value  as  a  function  of 
inclination  angle.  Nominal  separation  angle  is  6  degrees 


2.6  Statistical  estimates  of  changes  in  separation  angle 

The  key  to  developing  statistical  estimates  of  changes  in 
the  total  separation  angle  is  to  establish  statistics  of  the 
nodal  phase  angle  as  well  as  the  inclination  angles  of  both 
satellites.  Previously,  it  was  shown  that  the  change  in  total 
separation  angle  for  any  nodal  phase  angle  and  various 
inclination  angles  is  given  by: 

AX  =  I  1/2  SinYo  (2-22) 

It  is  not  unreasonable  to  assume  that  the  nodal  phase  angle  and 
inclination  angles  are  statistically  independent.  Using  this 
assumption,  the  expected  value  of  the  change  in  total  separation 
angle  is: 

E[AA  ]  =  E[  1^/2  Siny0  ] 

=  1/2  E[I1]E[l2]E[SinyQ  ].  (2-23) 

Assuming  that  the  nodal  phase  angle  has  a  zero  expected  value 
gives  the  expected  value  of  the  change  in  total  separation  angle 
as  : 

E[  A  A 

Then  the  variance 
given  by: 

E[  AAZ]  = 


Various  assumptions 
estimates  of  the 
angle . 

The  first  set  of  assumptions  is  that  the  inclination  angles 
are  not  random  variables  and  that  the  nodal  phase  angle  is 
uniformly  distributed  between  -n  and  tt  radians.  Then: 

E  [  S  in2  y  0  ]  =  1/2 


]  =  0.  (2-24) 

of  the  change  in  total  separation  angle  is 

E[  I2 I2 /4  Sin2v0  ] 

1/4  E[ I2  ]E[ I2  ]E[Sin2y0  3-  (2-25) 

will  be  applied  to  equation  (2-25)  to  derive 
deviation  of  the  change  in  total  separation 


and : 


E[  AA2  ]  =  a2  =  I2  I2  / 8 

A  A  12 

or  in  terms  of  deviation: 


AA 


-  i,  h ' 


(2-26) 


(2-27) 


The  second  set  of  assumptions  is  that  the  inclination  angles 
are  zero  mean  random  variables  and  the  nodal  phase  angle  is 
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In  this  case, 


uniformly  distributed  between  -it  and  tt  radians, 
the  deviation  is  given  by: 

“  °I1°I2  /  <2-28> 

This  equation  is  plotted  in  Figure  2-10  as  contours  of  the 
deviation  of  the  change  in  the  total  separation  angle  as  a 
function  of  the  deviations  of  the  inclination  angles. 

As  an  example,  if  the  inclination  angles  have  guassian 
distributions  with  a  deviations  of  5  degrees,  the  deviation  of 
the  change  in  total  separation  angle  can  be  read  from  Figure  2-10 
as  0.15  degrees. 

If  the  inclination  angles  have  uniform  distributions  between 
-Im  and  Im ,  the  deviation  of  the  change  in  total  separation  angle 
is  given  by: 


°4X  *  V3  /8"  <2'29> 

Currently,  allowable  longitude  station  keeping  error  is  defined 
as  0.1  degree  for  each  satellite  giving  a  total  allowable  error 
of  0.2  degrees.  Solving  equation  (2-29)  for  the  maximum 
inclination  angle  given  a  deviation  of  0.2  degrees  gives: 

I  =9.9  degrees 

or  a  maximum  inclination  of  10  degrees  provides  a  deviation  in 
separation  angle  of  no  more  than  0.2  degrees  which  is  equivalent 
to  the  allowable  station  keeping  error. 

2 . 7  Summary 

Figures  2-ll(a)  through  2-ll(e)  show  the  percent  of  time 
that  the  total  separation  angle  is  less  than  the  equatorial  plane 
value  versus  the  worst  case  change  in  total  separation  angle 
(i.e.,  a  nodal  phase  angle  of  270  degrees).  In  Figure  2-ll(a), 
the  equatorial  plane  separation  angle  is  2  degrees  increasing  to 
6  degrees  in  Figure  2-ll(e).  The  inclination  angle  of  satellite 
2  varies  from  1  to  15  degrees  in  one  degree  steps  as  shown  by  the 
15  lines  in  the  figure.  For  each  of  these  15  lines,  the 
inclination  of  satellite  1  varies  from  0  to  15  degrees 
continuously.  The  zero  inclination  angle  value  of  satellite  1  is 
at  the  origin  while  the  15  degree  inclination  angle  of  satellite 
1  lies  on  the  curve  labeled  15  which  is  the  inclination  angle  of 
satellite  2. 
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Figure  2-ll(a):  Percent  of  time  that  the  total  sepa 
is  less  than  nominal  versus  the  worst  case  chan 
separation  angle  as  a  function  of  inclination  angles 
plane  separation  angle  is  2  degrees. 
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v.Tjri"  us  change  in  sFPARjvrTrw  angle,  s  ofs 


C\l 


0)  ri  , 

r—4 

«-H  CO 

CO 

oOlj 

■r*4 

C  O 

u 

CQ  4J 

G 

4-1 

co 

C  C 

3 

O  *H 

cr 

■H 

W 

4-1 

CQ  01 
1-4  00 

co  C 

co 

a  co 

01 

01  x 

r—1 

CQ  u 

oO 

c 

i—4 

CO 

CO  0) 
4-1  CQ 

G 

O  CO 

O 

4J  O 

•H 

4-1 

01  4-1 

CO 

X  CQ 

C 

4-1  1-1 

*rl 

O 

r— 

4J  ? 

G 

CO 

C 

£  01  *1-4 

4->  X 

4-1 

at 

o 

a  co  U) 
•h  3  c  a> 

H  to  CD 

l-i  -r» 

4-t  g>  *j  tn 

O  >  U 

c 

4-1  3  •<-! 

C  r-l  *4i 
0)  CO  0t 
O  G  CO  — • 
1-c  *H  iO 

01  Q  CO  C 

fc  o  a  <5 

c 

0t  C 

•  •  i — i  G 

-—n  G  oC'rt 
T3  CO  C  *-> 
— '  X  CO  Q 

rH  U  Jh 

cH  G  co 
I  o  CL 
CM  10  -H  O 
CO  u  to 
01  at  co 
In  <— i  Ci  ‘ 

3  co  C. 

00  CL  co 

•rl  M  JfH 

U<Tt  (0  t 


'iwi i  j'j 


A-5A 


Q>  I - 1  4 - 1 

r-<  <0  CD 
oO  -u  -.-t 

c  o  >h 

Quo 

■u 

c  c  3 

o  •-<  cr 

•H  UO 
4J 

CD  i) 

U  CO  • 

CD  C  W 
D-  CO  01 
01  -C  > 

W  U  GO 

t— 

r-4  <0 

CD  Oi 
4-1  10  X 
O  CO  C 
U  o  'H 
•u 

Oi  uj  co 
.C  cn  C 

4J  U  -H 

O  •--' 

U  S  O 
CO  C  • 
£  il-rl  (O 
U  £  Oi 

U1"  11 

Oi  O  !h 
6  cA  CO 
'HOCK 
U  lr<  C  O 

*r4 

0-4  Q>  u 

O  >  O 

C  M 
4->  3  *rt 

C  n  C-4 
<11  CO  O 
O  C  CD  i — 4 

M  -rH  CO 
4)  t  K  C 
Di  C  cj  <0 
C 

Oi  C 

•  •  r— i  o 

C  4>0*4~^ 

01  CD  C  <W 
'~',C  co  <D 
r-t  4-1  ^ 

rH  C  CO 

•  o  a. 

CM  W  *r-4  Qj 
C/1  4-1  CO 

a;  ui  co 

M  rl  k  o 

3  co  c 

00  C-  CO 
*1-4  CC  Oi  ' — * 

tu  *H  0)  C- 


:^UJ  i  _-ifJ  .NI3J3J 


A-55 


Section  3 


CALCULATION  OF  THE  INCREASE  IN  EQUIVALENT  NOISE 
TEMPERATURE  DUE  TO  INCLINATION  ANGLES 


The  change  in  total  separation  angle  derived  in  Section  2  is 
converted  to  an  increase  in  equivalent  noise  temperature  using 
the  Delta  T/T  method  of  Appendix  29  of  the  Radio  Regulations. 
After  a  brief  review  of  Delta  T/T  calculations,  the  increase  in 
equivalent  noise  temperature  as  a  result  of  the  worst  case  change 
in  total  separation  angle  is  derived.  Various  additional  plots 
are  provided  to  summarize  the  increase  in  equivalent  noise 
temperature  due  to  inclination  angles.  This  section  concludes 
with  statistical  estimates  of  the  increase  in  equivalent  noise 
temperature . 

3.1  Delta  T/T 

An  approximate  method,  the  Delta  T/T  method,  can  be  used  for 
predicting  if  interference  between  geostationary-satellite 
networks  will  occur.  This  method  is  defined  in  detail  in 
Appendix  29  of  the  Radio  Regulations  and  is  based  on  CCIR  Report 
454-3  and  its  modifications. 

The  Delta  T/T  method  is  based  on  the  concept  that  the  noise 
temperature  of  the  system  subject  to  interference  undergoes  an 
apparent  increase  due  to  the  effect  of  the  interference.  The 
interfering  signals  are  treated  as  thermal  noise  whose  power 
spectral  density  is  equal  to  the  maximum  power  spectral  density 
of  the  signals.  The  method  is  applicable  whenever  two 
geostationary-satellites  share  a  portion  of  the  frequency  band  on 
at  least  one  of  their  paths  and  can  be  used  for  any  modulation 
characteristics  of  the  satellite  networks  concerned  independent 
of  the  precise  frequencies  employed. 

The  separation  angle  between  the  satellites  is  used  to 
determine  the  sidelobe  levels  or  the  antenna  gain  in  the 
direction  of  the  other  satellite.  As  the  sidelobe  level 
increases,  the  interference  into  the  victim  receiver  increases  or 
the  equivalent  noise  temperature  increases  by  the  increased 
sidelobe  level.  Then,  in  order  to  convert  a  change  in  total 
separation  angle  to  an  increase  in  equivalent  noise  temperature, 
the  increase  in  sidelobe  level  can  be  determined. 

In  Annex  III  of  Appendix  29,  the  sidelobe  level  of  the 
reference  antennas  is  given  as: 


Level  (dB)  *  -25*Log  X 


(3-1) 
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where  x  is  the  total  separation  angle  between  the  satellites. 
The  change  in  total  separation  angle,  ax  ,  can  be  used  in 
equation  (3-1)  to  compute  the  change  in  sidelobe  level  as: 


Change  in  Level  =  25*Log(e5  +AX  )  -  25*Log6j  (3-2) 

Equation  (3-2)  is  used  in  the  following  paragraphs  to  examine  the 
increase  in  equivalent  noise  temperature  due  to  inclination 
angles  of  the  satellites. 

3.2  Increase  in  noise  temperature  due  to  worst  case  separation 
angle 

Equation  (3-2)  was  used  with  the  worst  case  change  in  total 
separation  angle  given  by: 

AX  =  1^/2  (3-3) 

to  compute  the  increase  in  equivalent  noise  temperature.  Figures 
3-1 (a)  through  (e)  show  contours  of  constant  increases  in  the 
equivalent  noise  temperature  as  a  function  of  the  inclination 
angles  of  both  satellites  for  the  worst  nodal  phase  angle. 
Figure  3-1 (a)  is  for  an  equatorial  plane  separation  angle  of  2 
degrees.  The  equatorial  plane  separation  angle  increases  in  1 
degree  steps  to  6  degrees  in  Figure  3-1 (e).  As  an  example,  for 
inclination  angles  of  10  degrees  for  both  satellites,  the 
increase  in  equivalent  noise  temperature  is: 


Separation 

Angle 


Increase  in 
Noise  temperature 


2 

3 

4 

5 

6 


3.9  dB 
2.8 
2.1 
1.7 
1.5 


3.3  Increase  in  noise  temperature  as  a  function  of  nodal  phase 
angle 

Equation  (3-2)  was  used  with  the  total  separation  angle 
given  by: 

AX  -  I  I  /2  SinY  (3-4) 

1  2  0 

to  compute  the  increase  in  equivalent  noise  temperature  as  a 
function  of  the  nodal  phase  angle,  i.e.,  the  angular  difference 
between  ascending  nodes.  Figures  3-2 (a)  through  3-2 (c)  show  the 
increase  in  equivalent  noise  temperature  as  a  function  of  nodal 
phase  angle  for  various  inclination  angles.  The  inclination 
angle  of  satellite  2  is  5  degrees  in  Figure  3-2(a)  increasing  to 
15  degrees  in  Figure  3-2(c).  The  inclination  angle  of  satellite 
1  varies  from  0  to  15  degrees  representing  the  16  lines  on  the 
plot.  The  equatorial  plane  separation  angle  is  2  degrees  for 
these  figures.  Notice  that  for  nodal  phase  angles  less  than  18U 


Increase  in  equivalent  noise  temp 
al  separation  angle  as  a  function 
ial  plane  separation  is  4  degrees 


Figure  3-1 (d):  Increase  in  equivalent  noise  temperature  for  the 
worst  case  total  separation  angle  as  a  function  of  inclination 
angles.  Equatorial  plane  separation  is  3  degrees. 


Figure  3-1 (e):  Increase  in  equivalent  noise  temp 
worst  case  total  separation  angle  as  a  function 
angles.  Equatorial  plane  separation  is  6  degrees 


degrees,  the  equivalent  noise  temperature  is  decreased  for  any 
inclination  angle. 


Figures  3-3(a)  through  3-3(d)  show  the  increase  in 
equivalent  noise  temperature  as  a  function  of  nodal  phase  angle 
and  the  variation  with  equatorial  plane  separation  angle.  The 
inclination  angle  of  satellite  2  is  10  degrees  for  each  figure. 
The  equatorial  plane  separation  angle  is  3  degrees  in  Figure  3- 
3(a)  increasing  to  6  degrees  in  Figure  3-3(d).  The  inclination 
angle  of  satellite  1  varies  from  0  to  15  degrees  in  each  plot. 

3.4  Increase  in  noise  temperature  due  to  inclination  angles 

Equation  (3-2)  was  used  in  conjunction  with  the  total 
separation  angle  given  by  equation  (3-3)  and  the  percent  of  time 
the  total  separation  angle  is  less  than  the  equatorial  plane 
separation  angle  given  by: 

XTirne  =  200/*  /i  I  0./(l2  +  I*)  (3-5) 

1  2  ^  1  2 

to  compute  the  increase  in  equivalent  noise  temperature  as  a 
function  of  the  inclination  angles  of  both  satellites.  The 
variables  in  this  set  of  equations  are: 

o  inclination  angle  of  satellite  1, 

o  inclination  angle  of  satellite  2, 

o  equatorial  plane  separation  angle  between  satellite  1 
and  2 

o  percent  of  time  the  total  separation  angle  is  less 
than  the  equatorial  plane  separation  angle  and 

o  the  increase  in  equivalent  noise  temperature. 

Figures  3-4(a)  through  3-4(e)  show  the  increase  in  equivalent 
noise  temperature  as  a  function  of  the  percent  of  time  the  total 
separation  angle  is  less  than  the  equatorial  plane  separation 
angle.  Figure  3-4(a)  is  for  an  equatorial  plane  separation  angle 
of  2  degrees  increasing  to  6  degrees  in  Figure  3-4(e) .  The 
inclination  angle  of  satellite  2  varies  from  1  to  15  degrees  in 

each  figure  as  shown  by  the  15  lines  in  each  plot.  The 

inclination  angle  of  satellite  1  varies  from  0  to  15  degrees 

along  each  line  in  each  figure,  i.e.,  at  the  origin  the 

inclination  angle  of  satellite  1  is  0  degrees  and  at  the  end  of 

each  line  the  inclination  angle  is  15  degrees.  Notice  that  the 
increase  in  equivalent  noise  temperature  is  based  upon  the  worst 
case  change  in  total  separation  angle. 
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As  an  example,  let  the  inclination  angles  of  satellite  1  and 
2  be  10  degrees.  The  following  data  can  be  extracted  from  the 
figures : 


Separation 

Angle 

%Time 

Increase  in 
Interferenci 

2 

8.4% 

5.5  dB 

3 

10.3 

3.6 

4 

11.9 

2.6 

5 

13.2 

2.1 

6 

14.5 

1.8 

The  interpretation  of  these  values  is  that  with  an  equatorial 
plane  separation  angle  of  2  degrees,  8.4%  of  the  time  an  increase 
in  equivalent  noise  temperature  is  experienced.  At  all  other 
times,  a  decrease  in  equivalent  noise  temperature  with  respect  to 
that  computed  with  the  equatorial  plane  separation  angle  is 
experienced.  The  increase  in  equivalent  noise  temperature 
experienced  8.4%  of  the  time  is  never  more  than  5.5  dB  for  a  2 
degree  equatorial  plane  separation  angle. 

3.5  Statistical  estimates  of  the  increase  in  noise  temperature 
due  to  inclination  angles 

Statistical  estimates  of  the  increase  in  equivalent  noise 
temperature  are  provided  as  follows: 

o  Nodal  phase  angle  is  uniformly  distributed  between 
-180  and  180  degrees  and  inclination  angles  are  not 
random  variables. 

o  Inclination  angles  are  random  variables  having  either 
a  uniform  distribution  or  a  guassian  distribution. 

The  statistical  estimates  of  the  change  in  total  separation  angle 
based  upon  these  assumptions  are  converted  into  an  increase  in 
equivalent  noise  temperature  using  equation  (3-2). 

Based  upon  statistical  independence  of  inclination  angles 
and  nodal  phase  angle  and  the  assumption  that  the  nodal  phase 
angle  is  uniformly  distributed  (-180,  180),  the  deviation  of  the 

change  in  total  separation  angle  was  shown  to  be: 

°AJ  -  W*"  <3'6) 

For  inclination  angles  of  10  degrees  for  each  satellite,  the 
increase  in  equivalent  noise  temperature  is: 


Separation 

Angle 


Increase  in 
Interference 


2  2.9  dB 

3  2.0 

4  1.6 

5  1.3 

6  1.1 

Since  for  nodal  phase  angles  between  0  and  180  degrees,  the 
interference  decreases,  the  data  above  can  be  interpreted  as: 
For  841  of  the  nodal  phase  angles,  the  interference  is  less  than 
or  equal  to  the  value  shown  in  the  table. 

If  the  inclination  angles  are  assumed  to  be  random 
variables,  the  deviation  of  the  change  in  total  separation  angle 
is  given  by: 


°  A  X  “°Iiai2 


(3-7) 


If  further,  the  inclination  angles  are  assumed  uniformly 
distributed,  the  deviation  becomes: 


«  Ira/ 3  S* 


(3-8) 


For  maximum  inclination  angles  of  10  degrees  for  each  satellite, 
the  increase  in  equivalent  noise  temperature  is: 


Separation 

Angle 


Increase  in 
Interference 

1.1  dB 

0.7 

0.5 

0.4 

0.3 


As  above,  the  interpretation  is  that  for  84%  of  the  combinations 
of  inclination  angles  and  nodal  phase  angles,  the  interference  is 
less  than  the  value  shown. 


Section  4 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  study  of  the  impact  of  inclination  angles  on  the  need 
for  coordination  provided  answers  to  the  following  questions: 

o  How  large  can  the  inclination  angles  become  before 
Delta  T/T  computations  for  determining  the  need  for 
coordination  would  be  affected? 

o  What  are  the  risks  of  not  including  inclination 
angles  in  determining  need  for  coordination? 

o  What  procedure  can  be  used  to  include  the  effects  of 
inclination  angles  on  Delta  T/T  computations,  when 
necessary? 

o  Is  there  a  need  to  modify  the  definition  of 

geostationary  orbit  to  include  allowable  inclination 
angles? 


o  How  can  inclination  angle  be  used  to  reduce  the 
potential  for  interference? 

The  answers  to  these  questions  and  the  basis  for  the  answers  are 
presented  in  the  following  paragraphs. 

4.1  Maximum  inclination  angles  not  requiring  consideration  in 
determining  the  need  for  coordination 

During  the  course  of  this  study,  interest  was  expressed  in 
defining  the  maximum  inclination  angles  not  requiring 
consideration  in  determining  the  need  for  coordination.  To  this 
end,  5  degree  and  10  degree  inclination  angles  were  considered  as 
potential  candidates  for  the  maximum  inclination  angles.  The 
case  for  each  of  these  angles  is  presented  in  the  following 
paragraphs  followed  by  consideration  of  the  case  against  any 
maximum  inclination  angle. 

4.1.1  Case  for  a  5  degree  maximum 

The  case  for  5  degree  maximum  inclination  angles  can  be 
summarized  as  follows: 

o  The  worst  case  change  in  total  separation  angle  for 
5  degree  inclination  angles  is  0.2  degrees.  This 
converts  to  an  increase  in  equivalent  noise 
temperature  of  1.1  dB  for  a  2  degree  equatorial  plane 
separation  angle.  This  worst  case  value  occurs  at  2 
points  in  the  orbit  and  for  equal  inclination  angles 
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of  5  degrees  and  for  a  nodal  phase  angle  of  270 
degrees.  Nodal  phase  angles  of  other  than  270 
degrees  have  a  smaller  change  in  total  separation 
angle . 

o  The  percent  of  time  the  total  separati  angle  is 
less  than  the  equatorial  plane  separation  angle  of  2 
degrees  is  8.4%  for  equal  inclination  angles,  i.e. , 
about  2  hours  per  day.  For  non-equal  inclination 
angles,  this  percentage  decreases.  During  this  two 
hour  period,  the  worst  change  in  total  separation 
angle  is  0.2  degrees  (1.1  dB  increase  in 
interference).  In  other  words,  91.6%  of  the  time, 
the  total  separation  angle  is  greater  than  2  degrees 
resulting  in  a  decrease  in  interference. 

o  For  nodal  phase  angles  between  0  and  180  degrees,  the 
total  separation  angle  is  greater  than  2  degrees. 

Only  for  a  nodal  phase  angle  of  270  degrees  is  the 
worst  case  change  in  total  separation  angle 
experienced . 

The  above  argues  for  a  statistical  view  of  the  increase  in 
equivalent  noise  temperature  due  to  inclination  angles.  The 
statistical  case  for  a  5  degree  maximum  inclination  angle  can  be 
summarized  as : 

o  Using  the  nodal  phase  angle  as  a  uniformly 

distributed  random  variable,  the  deviation  of  the 
change  in  total  separation  angle  is  0.15  degrees 
for  equal  inclination  angles  of  5  degrees.  This  can 
be  interpreted  as:  For  84%  of  the  nodal  phase  angles, 
the  decrease  in  separation  angle  is  less  than  0.15 
degrees . 

o  If  additionally,  the  inclination  angles  are  uniformly 
distributed  between  -5  and  5  degrees,  the  deviation 
of  the  change  in  total  separation  angle  is  0.05 
degrees 

o  Finally,  the  increase  in  separation  angle 

estimated  above  occurs  less  than  8.4%  of  the  time 
over  an  orbit. 

As  a  result  of  the  above  arguments,  a  maximum  inclination  angle 
of  5  degrees  may  be  reasonable  without  including  the  effects  in 
the  Delta  T/T  computations  performed  to  determine  the  need  for 
coordination . 

4.1.2  Case  for  a  10  degree  maximum 

The  case  for  10  degree  maximum  inclination  angles  can  be 
summarized  as  follows: 
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o  The  worst  case  change  in  total  separation  angle  for 
10  degree  inclination  angles  is  0.9  degrees.  This 
converts  to  an  increase  in  equivalent  noise 
temperature  of  3.9  dB  for  a  2  degree  equatorial  plane 
separation  angle.  This  worst  case  value  occurs  at  2 
points  in  the  orbit  and  for  equal  inclination  angles 
of  10  degrees  and  for  a  nodal  phase  angle  of  270 
degrees.  Nodal  phase  angles  of  other  than  270 
degrees  have  a  smaller  change  in  total  separation 
angle . 

o  The  percent  of  time  the  total  separation  angle  is 
less  than  the  equatorial  plane  separation  angle  of  2 
degrees  is  8.4%  for  equal  inclination  angles,  i.e., 
about  2  hours  per  day.  For  non-equal  inclination 
angles,  this  percentage  decreases.  During  this  two 
hour  period,  the  worst  change  in  total  separation 
angle  is  0.9  degrees  (3.9  dB  increase  in 
interference).  In  other  words,  91.6%  of  the  time, 
the  total  separation  angle  is  greater  than  2  degrees 
resulting  in  a  decrease  in  interference. 

o  For  nodal  phase  angles  between  0  and  180  degrees,  the 
total  separation  angle  is  greater  than  2  degrees. 

Only  for  a  nodal  phase  angle  of  270  degrees  is  the 
worst  case  change  in  total  separation  angle 
experienced. 

The  above  argues  for  a  statistical  view  of  the  increase  in 
equivalent  noise  temperature  due  to  inclination  angles.  The 
statistical  case  for  a  10  degree  maximum  inclination  angle  can  be 
summarized  as : 

o  Using  the  nodal  phase  angle  as  a  uniformly 

distributed  random  variable,  the  deviation  of  the 
change  in  total  separation  angle  is  0.6  degrees  (2.9 
dB  increase  in  interference)  for  equal  inclination 
angles  of  10  degrees.  This  can  be  interpreted  as: 

For  84%  of  the  nodal  phase  angles,  the  decrease  in 
separation  angle  is  less  than  0.6  degrees. 

o  If  additionally,  the  inclination  angles  are  uniformly 
distributed  between  -10  and  10  degrees,  the  deviation 
of  the  change  in  total  separation  angle  is  0.2 
degrees  (1.1  dB  increase  in  interference). 

o  Finally,  the  1.1  dB  increase  in  interference 

estimated  above  occurs  less  than  8.4%  of  the  time 
over  an  orbit. 

As  a  result  of  the  above  arguments,  a  maximum  inclination  angle 
of  10  degrees  may  be  reasonable  without  including  the  effects  in 
the  Delta  T/T  computations  performed  to  determine  the  need  for 
coordination . 


4.1.3  Case  against  any  maximum 

The  case  against  any  maximum  inclination  angles  to  be 
ignored  in  determining  the  need  for  coordination  is  based  upon 
the  relatively  static  geometric  relationship  between  the  adjacent 
satellites  and  the  lack  of  a  naturally  defined  maximum  number. 
The  case  against  any  maximum  inclination  angles  can  be  summarized 
as  follows: 

o  The  satellites  in  orbit  have  a  fixed  nodal  phase 
angle  determined  by  the  orbit  transfer 
characteristics  and  subsequent  station  keeping 
maneuvers  with  each  satellite  tracing  its  figure 
eight  once  per  orbit.  The  nodal  phase  angle  will  be 
slowly  changing  except  during  station  keeping 
maneuvers.  The  inclination  angle  of  each  satellite 
will  increase  at  about  0.86  degrees  per  year  near  the 
equatorial  plane  slowing  as  the  inclination  angle 
increases.  The  relationship  between  the  satellites 
will  be  relatively  static  until  station  keeping 
maneuvers  are  conducted. 

o  The  statistical  arguments  used  for  the  5  and  10 

degree  maximum  inclination  angles  can  be  faulty  in  a 
particular  application  (i.e. ,  Murphy's  Law).  Since 
the  worst  case  change  in  total  separation  angle  is 
significant  for  even  a  5  degree  inclination  angle, 
the  impact  of  inclination  angle  on  the  need  for 
coordination  should  always  be  considered. 

4.2  Impact  of  inclination  angles  on  need  for  coordination 

The  analysis  presented  in  Sections  2  and  3  identified  the 
following  characteristics  of  an  inclined  geostationary  orbit 
which  may  impact  the  potential  interference  between  satellite 
networks : 

o  Inclination  angles  change  the  total  separation  angle 
between  adjacent  satellites. 

o  The  nodal  phase  angle  between  adjacent  satellites 
affects  the  magnitude  and  direction  of  the  change  in 
total  separation  angle. 

-  Nodal  phase  angles  between  0  and  180  degrees 
result  in  an  increase  in  total  separation  angle 
for  any  inclination  angles 

-  Nodal  phase  angles  between  180  and  360  degrees 
result  in  a  decrease  in  the  total  separation 
angle  for  a  short  period  of  time  (2  one  hour 
periods  in  24  hours  for  a  2  degree  equatorial 
plane  separation  angle) 
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o  For  any  nodal  phase  angle,  the  period  of  time  over 
which  the  separation  angle  is  reduced  is  small  (2 
hours  out  of  24  for  a  2  degree  separation).  At  all 
other  times,  the  total  separation  angle  is 
significantly  greater  than  the  equatorial  plane 
separation  angle. 

o  The  worst  case  change  in  total  separation  angle  is 
significant  for  most  inclination  angles.  It  is 
approximated  for  inclination  angles  less  than  15 
degrees  by: 

a x 0  •  rr  /360  ljl° 

where  everything  is  in  degrees.  Thus,  for  5  degree 
inclination  angles,  the  change  in  separation  angle  is 
0.22  degrees  which  converts  to  over  a  one  dB  increase 
in  interference. 

* 

o  The  worst  case  change  in  separation  angle  occurs  for 
a  nodal  phase  angle  of  270  degrees  and  at  two  points 
in  the  orbit  (24  hour  period) .  At  other  nodal  phase 
angles  the  change  in  separation  angle  decreases  while 
at  times  near  the  two  worst  case  points  the  change  in 
total  separation  angle  decreases. 

o  The  percent  of  time  the  total  separation  angle  is 
less  than  the  equatorial  plane  value  is  small  (8.4% 
maximum  for  a  2  degree  separation  angle)  and  has  a 
maximum  for  equal  inclination  angles.  For  non-equal 
inclination  angles,  the  percent  of  time  decreases. 

o  Inclined  GSO  have  variable  coverage  moving  North  and 
South  by  the  inclination  angle  each  orbit. 

In  summary,  use  of  inclined  geostationary  orbits  will  increase 
the  need  for  coordination  since  the  total  separation  angle 
between  the  satellite  networks  will  decrease  (either  worst  case 
or  statistically)  resulting  in  potentially  increased 
interference.  Thus,  satellite  networks  in  GSO  not  requiring 
coordination  based  upon  Delta  T/T  computations  may  require 
coordination  when  inclination  angles  are  considered. 

4.3  Procedure  for  including  inclination  angles  in  Delta  T/T 

The  procedure  for  including  the  effects  of  the  worst  case 
change  in  total  separation  angle  in  the  Delta  T/T  computations  is 
as  follows: 

o  Compute  the  change  in  the  total  separation  angle  due 
to  inclination  angles  as: 

aa=  1  1 (radians) 
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o  In  the  Appendix  29  computations,  the  equatorial  plane 
separation  angle  is  computed  either  as  the  difference 
in  the  satellite  positions  in  the  equatorial  plane  or 
as  the  angle  from  a  ground  station  to  the  victim 
satellite  or  vice  versa. 

o  The  equatorial  plane  separation  angle  is  reduced  by 
the  worst  case  change  in  total  separation  computed 
above . 

o  The  resulting  angle  is  then  used  in  the  Appendix  29 
computations  as  the  separation  angle  to  determine  the 
various  antenna  gains. 

Sample  computations  are  provided  in  Section  3  of  this  report. 

The  worst  case  change  in  total  separation  angle  is 
recommended  for  use  in  determining  the  need  for  coordination. 
Use  of  other  estimates  are  not  as  conservative  and  may  not  be 
appropriate  for  all  situations. 

4.4  Broadened  definition  of  geostationary  orbit 

The  definition  of  geostationary  orbit  provided  by  the  Radio 
Regulations  is  as  follows: 

o  Geosynchronous  Satellite:  An  earth  satellite  whose 

period  of  revolution  is  equal  to  the  period  of 
rotation  of  the  Earth  about  its  axis. 

o  Geostationary  Satellite:  A  geosynchronous  satellite 

whose  circular  and  direct  orbit  lies  in  the  plane  of 
the  Earth's  equator  and  which  thus  remains  fixed 
relative  to  the  Earth;  . . . 

o  Geostationary  Orbit:  The  orbit  in  which  a  satellite 

must  be  placed  to  be  a  Geostationary  Satellite. 

o  Inclination  of  an  Orbit:  The  angle  determined  by  the 
plane  containing  the  orbit  and  the  plane  of  the 
Earth's  equator. 

The  broadened  definition  of  geostationary  orbit  involves  the 
following  change  to  the  above  definitions: 

•  o  Geostationary  Satellite:  A  geosyschronous  satellite 

whose  circular  and  direct  orbit  lies  within  13 
degrees  of  the  plane  of  the  Earth's  equator. 

In  concert  with  the  broadened  definition,  Appendix  29  of  the 
Radio  Regulations  should  be  modified  to  account  for  the  effects 
of  inclination  angle.  Additionally,  the  maximum  inclination 
angles  to  be  expected  for  the  satellite  network  should  be 
notified.  Otherwise,  the  procedures  for  determining  the  need  for 
coordination  remain  the  same. 
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4.5  Use  of  inclined  GSO  to  reduce  potential  for  interference 

The  results  presented  in  Section  2  indicate  that  if  adjacent 
satellites  are  given  inclination  angles,  then  for  selected  noda] 
phase  angles,  the  total  separation  angle  between  the  adjacent 
satellites  is  always  larger  than  the  equatorial  plane  separation 
angle.  This  increased  separation  angle  results  in  decreases  in 
the  equivalent  noise  temperature  of  the  victim  satellite  as  shown 
in  Section  3.  Thus,  closer  equatorial  plane  separation  angles 
can  be  tolerated  if  inclination  angles  for  both  adjacent 
satellites  are  acceptable  and  nodal  phase  angle  control  is 
feasible  for  one  or  both  satellites. 

As  an  example,  Figure  2- 7(c)  shows  that  the  minimum  total 
change  in  separation  angle  is  1.96  degrees  for  a  90  degree  nodal 
phase  angle  with  both  satellites  having  15  degree  inclination 
angles.  Thus,  if  the  equatorial  plane  separation  angle  is  2 
degrees,  the  total  separation  angle  is  never  less  than  3.96 
degrees.  If  the  equatorial  plane  separation  angle  is  1  degree, 
the  total  separation  angle  is  never  less  than  2.96  degrees. 

The  impact  of  implementing  this  nodal  phase  angle  control  to 
gain  increased  separation  angles  is: 

o  Satellite  network  coverage  moves  an  amount  equal  to 
the  inclination  angles  both  North  and  South  during  an 
orbit. 

o  Earth  stations  experience  higher  dynamics  including 
accelerations,  doppler,  etc.  as  well  as  larger 
changes  in  pointing  angles. 

o  Nodal  phase  angle  contol  requires  continuous 
coordination  between  the  satellite  networks. 

o  Satellites  adjacent  to  the  two  satellites  using  nodal 
phase  control  would  experience  a  decrease  in  total 
separation  angle  and  thus  potentially  increased 
interference . 

The  various  tradeoffs  implied  by  the  above  would  need  to  be 
investigated  in  detail  for  each  application. 
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Appendix  a-1 

MATHEMATICAL  DERIVATIONS 


A-1:  Maximum  longitude  excursions 

A-2:  Total  separation  angle 

A-3:  Minimum  separation  angle  for  a  nodal  phase  angle  of  270 
degrees 

A-4:  Minimum  separation  angle  for  any  nodal  phase  angle 
A-5:  Angle  where  total  separation  angle  is  less  than  nominal 


A— 1—1 


Appendix  a-2 

MAXIMUM  LONGITUDE  EXCURSIONS 


The  longitude  excursion  due  to  inclination  angle  was  given 


0  *  Tan  (Cos  I  Tan  Y  )  -  y 


(A-l-1) 


where •  I  is  the  inclination  angle  and  y  is  the  angle  from  the 
ascending  node.  Several  trigonometry  identities  and  small  angle 
approximations  will  be  used  to  simplify  equation  (A-l-1). 
Remember  that: 


Tarr1  a/b  =  Sin  *a/  /a2_  +  b‘ 


(A-l-2) 


and  that 


Sin"1  a  ±  Sin_ib  =  Sin-1  [a(l-b?  ±  b(l-a2)^  ]  (A-l-3) 


Equation  (A-l-1)  can  be  rewritten  as: 

6=  Sin1  [0.5  Sin2 y(Cos  1-1)/  /I -Sin  ‘TSin  ZY  ].  (A-l-4) 

Figure  2-1  shows  that  the  maximum  longitude  excursions  are 
small.  Using  this  assumption,  the  sine  is  approximately  the 
angle.  Then: 


6=  0.5  Sin2  y(CosI-I)  /  A -Sin2  ISin2Y 


(A-l-5) 


If  the  inclination  is  assumed  to  be  small  (  <15  degrees) ,  the  trig 
functions  can  be  approximated  as: 


Cos  I  =  1  -  F  /2 
Sin  1=1. 
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Then : 


0  =  -1 2/4  Sin2  y  /  /l-I2Sin2Y 


(A-l-7) 


Remember  that: 


1/ (l-a)%  =  1  +  a/2 

so  that  equation  (A-l-7)  becomes 


9  *-I2/4  Sin  2Y(l+I2/2  Sin2Y  ). 


(A-l-8) 


Neglecting  terms  of  the  order  of  I4  gives  the  longitude 
excursions  as : 

6  =  -0.25  12  Sin2y  .  (A-l-9) 

The  maximum  value  of  equation  (A-l-9)  can  be  found  by 
recognizing  that  the  minimum  and  maximums  occur  at 

Y  =  n  it  /2 . 

The  maximum  longitude  excursions  are  then 

emax  =  I  2/4  (radians).  (A-l-10) 
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Appendix  a- 3 
TOTAL  SEPARATION  ANGLE 

The  total  separation  angle  can  be  written  as: 

Cos  A  *  Cos^Cos^CosCQj  -  62)  +  Sin  ^Sin  $2  (A-2-1) 

where:  <t»i=  Sin  (Sin  IL  Sin  Yj) 

0  !»  60  +  A0j 

A0J*  Tan -1  (Cosli  Tan  y)  -yl 

02=  0o  +es  +A02  . 

The  latitude  excursion  is  on  the  order  of  the  inclination  angle 
and  can  be  approximated  as: 

<t> t  -  \  Sin  Yl  •  (A-2-2) 

and  the  longitude  excursion  was  shown  in  Appendix  A-l  to  be 
approximately: 

A6 !  =-0 . 25Ij  Sin2Yl  .  (A-2-3) 

The  term  CosCej-e^)  is  given  by: 

Cos  (  e  j  -e2  )  =  Cos  (  A0  !“0S  -  A02  ) 

where  a0j  ,  0S  and  A02  are  small.  This  term  can  then  be 
approximated  as: 

2 

Cos  (  0 ! ~02  )  *  1  -  (A0  j  -05-A02)  / 2  (A-2-4) 

Substituting  in  equation  (A-2-1)  and  rearranging  gives: 

Cos  X  =  Cos<j>  j  Cos<?>2  +  Sin  <)> 2 Sin  <j>2 

2 

-  Cos  jCos  <j>2  (  A0 j -0^  -  A02  )  /2  (A-2-5) 

Grouping  the  first  two  terms  results  in: 

2 

Cos  A  =  Cos  ( <fn -<t>2  )  -  Cos  $1Cos4>2  (a01-0j-A02  )  /2  (A-2-6) 
Since  the  latitude  excursion  is  small: 

Cos (  4> i ~ ^ 2  )  =  1  ~  (A-2-7) 

and 

2 

Cos  <j>  l  —  1—  $  j  /  2  . 
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Substituting  into  equation  (A-2-6)  and  discarding  terms  of  the 
order  of  a  small  angle  to  the  fourth  power  gives: 

2  2 

Cos  A  =  1“  (<f> !  -  <t>2 )  /  2  -  (A81-e5-A62)  /  2.  (A-2-8) 

The  final  assumption  is  that  the  total  separation  angle  is  small 
so  that: 

Cos  x  »  1  -  x2  /2.  (A-2-9) 

Finally,  the  total  separation  angle  is  approximately: 

2  2  2 

X  =  (  j- 4>2  )  +  (  A0  x  -0S  -A02  )  .  (A-2-10) 

Substituting  equations  (A-2-2)  and  (A-2-3)  into  equation  (A-2-10) 
gives  the  total  separation  angle  as: 

X  =  [  Siny !  -  I2  Sin(Yl  +Yo)  ] 

-I-  [ -I  i/4  Sin2Yl  +  I2/4  Sin2(Yl+Yo)  -es  ]2  .  (A-2-11) 
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MINIMUM  SEPARATION  ANGLE  FOR  A 
NODAL  PHASE  ANGLE  OF  270  DEGREES 


The  total  separation  angle  for  a  270  degree  nodal  phase 
angle  was  given  as: 

X2*  [IiSinYi  +  I2C0SY132 

+  [-Sin2Yi  (I2/4  +  I2/4)  -  6*  ]2  (A-3-1) 

This  appendix  will  show  that  the  minimum  total  separation  angle 
is  found  when: 

Tan  Y 1  =  - 1 2/ 1  1  (A-3-2) 

That  equation  (A-3-2)  yields  the  minimum  of  equation  (A-3-1)  will 
be  demonstrated  by  showing  that  equation  (A-3-2)  is  the 
approximate  solution  of: 

dx2/dYl  =  0.  (A-3-3) 

Performing  the  indicated  derivative  gives  the  following: 

2[Ij  Sin  Yi  +  I2  Cos  YJ  [  Ij  CosYl  -  I2  Sin  yJ 

+  2[-Sin2Y  (I1  /4  +  I2/4)  -  ] 

x  [ -2Cos2  Yj  (It  /4  +  ^  /4)]  *  0  (A-3-4) 

Neglecting  terms  of  the  order  of  a  small  angle  to  the  third  anu 
fourth  power  results  in: 

2 [ I  Sin  Y  +  I  Cos  Y  ] C I  CosY  -  I  SinY  ]  =  0  (A-3-5) 

Substituting  equation  (A-3-2)  into  equation  (A-3-5)  shows  that 
equation  (A-3-3)  is  satisfied.  That  the  solution  is  the  minimui. 
total  separation  angle  can  be  seen  from  the  plots. 
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MINIMUM  SEPARATION  ANGLE  FOR  ANY 
NODAL  PHASE  ANGLE 


The  total  separation  angle  for  any  nodal  phase  angle  was 
given  as : 

A2  =  [  I L  Sin  y  1  -  I2Sin(Yi  +yq)32 

+  [-Ij/4  Sin2Yi  +  Iz/4  Sin2(Yi  +  Y(j)  -  et  ]2  (A-4-1) 

This  appendix  will  show  that  the  minimum  total  separation  angle 
is  found  when: 

TanYi  =  IiSinY(j/(I1  -  I,CosYq)  (A-4-2) 

That  equation  (A-4-2)  yields  the  minimum  of  equation  (A-4-1)  will 
be  demonstrated  by  showing  that  equation  (A-4-2)  is  the 
approximate  solution  of: 

dA2/dYi  =  0.  (A-4-3) 

Performing  the  indicated  derivative  gives  the  following: 

2  [  I  ^Sin  Y  1  -  I  2Sin  (  Y  t  +  y  Q)  ]  [  I  jCos  y  ^  -  IzCos(Yl  +  y„)] 

+  2[-I2/4  Sin2Yi  +  I2/4  Sin2(Yl  +  y0)-9j] 

x  [-15/2  Cos2  Y  j  4-  I  2/2  Cos2(Y]  +Yq)]  =  0  (A-4-4) 

Neglecting  terms  of  the  order  of  a  small  angle  to  the  third  and 
fourth  power  results  in: 

2[I1SinYi  -  I2Sin(Yl  +Yq)][I  CosYl  -  I2Cos(Yi  +Yq)]  =  0 

(A-4-5) 

Substituting  equation  (A-4-2)  into  equation  (A-4-5)  shows  that 
equation  (A-4-3)  is  satisfied.  That  the  solution  is  the  minimum 
total  separation  angle  can  be  seen  from  the  plots. 
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ANGLE  WHERE  TOTAL  SEPARATION  ANGLE 
IS  LESS  THAN  NOMINAL 


The  total  separation  angle  for  a  270  degree  nodal  phase 
angle  was  given  as: 

X2  =  [I  Sin y  +  I  Co s v  ]2 

+[-Sin2Y1(I2/4  +  I 2/ 4)  -es  )2  (A-5-1) 

As  discussed  in  Section  2.5,  the  angle  near  when  the  separation 
angle  is  minimum  can  be  approximated  as: 

Yl-  Y„in  +4Y  (A-5-2) 

where  Ymin  is  the  angle  which  has  the  minimum  separation  angle 
and  Ay  is  a  small  variation  around  the  minimum.  The  angle  where 
the  minimum  separation  angle  occurs  is  given  by: 

Tan  Ymin-  “ 1 2 / ^  i  (A-5-3) 

Substituting  equation  (A-5-2)  into  equation  (A-5-1)  and  using  the 
following  approximations: 

Sin(  Y„i„+iY>  =  SinTmln  +  ^CosY^ 

Cost  Ymin+AY)  =  Cosrmln  -  iYSinYlnln 

yields : 

x2=  Ay  2  [  i2  +  i2  +  (i2  -  1 1 )  2 /4 ] 

+  Ay[0s(i2  -  i2)  -  Ill1/2  (I2  ~  l| )  2- 
+  0S2+  -  9jI1I2  (A-5-4) 

Neglecting  terms  of  small  angles  to  higher  powers  gives: 

X2  »  Ay2  (I2  +  I2)  +  Ay95(I2  -  I2) 

+  e52-  (A-5-5) 

Solving  equation  (A-5-5)  for  Ay  when  the  total  separation  angle 
is  equal  to  the  equatorial  plane  separation  angle  gives: 

AY !  2*  ["M1!  -  I2)  i  2  /05  Ijl^  ]/2(I2  +  I2).  (A-5-6) 
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Multiple  entry  to  single  entry  interference  ratio  as  a  function 
of  satellite  antenna  discrimination  for  various  sequences  of 
satellites.  There  are  6  satellites  on  either  side  of  the  victim. 
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HOMOGENEOUS  CASE  -  ORBIT  UTILIZATION 

o  The  Multiple  Entry  interference  is  of  the  form 
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ORBIT  UTILIZATION  US.  ANTENNA  DISCRIMINATION 


Orbit  utilization  factor  as  a  function  of  the  satellite 
discrimination  for  12  satellites  (6  on  either  side 
victim) . 


ORBIT  UTILIZATION  US*  ANTENNA  DISCRIMIN 


Orbit  utilization  factor  as  a  function  of  the  satellite  antenna 
discrimination  for  24  satellites  (12  on  either  side  of  the 
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o  Single  entry  interference. is 
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adjacent  satellite  has  a  larger  single  entry 
interference  and  SEa  is  used  in  the  ME/SE 
ratio.  Otherwise,  SEF  is  used. 
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Multiple  entry  to  single  entry  interference  ratio  as  a  function 
of  satellite  antenna  discrimination  for  various  sequences  of 
satellites.  The  earth  station  antenna  has  a  diameter  to 
wavelength  ratio  of  50.  There  are  0  satellites  on  either  side  a 
the  victim.  Required  total  discrimination  is  30  db. 


unua  iS/3 u 


Multiple  entry  to  single  entry  interference  ratio  as  a  functio 
of  satellite  antenna  discrimination  for  various  sequences  o 
satellites.  The  earth  station  antenna  has  a  diameter  t 
wavelength  ratio  of  100.  There  are  6  satellites  on  either  sic 
of  the  victim..  Required  total  discrimination  is  30  db. 
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Multiple  entry  to  single  entry  interference  ratio  as  a  function 
of  satellite  antenna  discrimination  for  various  sequences  of 
satellites.  The  earth  station  antenna  has  a  diameter  to 
wavelength  ratio  of  150.  There  are  6  satellites  on  either  side 
of  the  victim.  Required  total  discr imination  is  30  db. 
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Multiple  entry  to  single  entry  interference  ratio  as  a  func 
of  satellite  antenna  d i scr imina t ion  for  various  sequences 
satellites.  The  earth  station  antenna  has  a  diameter 
wavelength  ratio  o£  200.  There  are  6  satellites  on  either 
of  the  victim.  Required  total  discrimination  is  30  db. 
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Multiple  entry  to  single  entry  interference  ratio  as  a  function 
of  satellite  antenna  discrimination  for  various  sequences  of 
satellites.  The  earth  station  antenna  has  a  diameter  to 
wavelength  ratio  of  100.  There  are  12  satellites  on  either  side 
of  the  victim.  Required  total  discrimination  is  30  db . 


lultiple  entry  to  single  entry  interference  ratio  as  a  function 
f  satellite  antenna  discrimination  for  various  sequences  of 
atellites.  The  earth  station  antenna  has  a  diameter  ti 
avelength  ratio  of  200.  There  are  12  satellites  on  either  siot 
f  the  victim.  Required  total  discrimination  is  30  db. 
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satellites.  The  earth  station  anter.na  has  a  diaa.eter 
wavelength  ratio  of  50.  There  are  2  5  satellites  on  either 
of  the  victim.  Required  total  discrimination  is  3<J  do. 


Multiple  entry  to  single  entry  interference  ratio  as  a  function 
of  satellite  antenna  discrimination  for  various  sequences  of 
satellites.  The  earth  station  antenna  has  a  diameter  to 
wavelength  ratio  of  150.  There  are  25  satellites  on  either  side 
of  the  victim.  Required  total  discrimination  is  30  db . 
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APPENDIX  29  ANTENNA  PATTERNS 
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Earth  station  antenna  discrimination  as  a  function  of  of 
boresight  angle  from  Appendix  29  of  the  Radio  Regulations  f 
earth  station  antenna  diameter  to  wavelength  ratios  oi  50  to  25 


HOMOGENEOUS  CASE-ORBIT  UTILIZATION 
APPENDIX  29  PATTERNS 

o  Multiple  entry  interference  is  of  the  form 
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HOMOGENEOUS  CASE-ORBIT  UTILIZATION 
APPENDIX  29  PATTERNS 

o  0O  is  found  by  setting  the  total  discrimination  to  -30 
dB,  setting  the  satellite  antenna  discrimination  to  0  dB 
and  solving  for  the  angle  or 
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EAST- WEST  STATIONKEEPING  ERROR 

o  Impact  of  East -West  stationkeeping  error  on 
the  ME/SE  ratio 


EAST-WEST  STATIONKEEPING  ERROR 
FORMULATION  OF  THE  PROBLEM 
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east-west  stationkeeping  error 

FORMULATION  OF  THE  PROBLEM 

o  The  multiple  entry  interference  is  then 
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WORST  CASE  ME/SE  RATIO-APPENDIX  29 
PATTERNS 

o  Worst  case  single  entry  interference  is  given  by 


WORST  CASE  ME/SE  RATIO -APPENDIX  29 
PATTERNS 

o  With  the.  worst  case  Stationkeeping  error,  the 
co -coverage  satellite  has  discrimination  of 
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o  If  the  adjacent  satellite  provides  less  descrimination 
it  is  used  in  the  ME/SE  ratio  and  reset  at  an  angle 
providing  30  dB  of  discrimination 
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OMBINED  STATIONKEEPING  AND 
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